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— Foreword

For successful operation, all manned diving systems, submersitles, and hyperbaric chambers re-
quire pressure-resistant viewports. These viewports allow the personnel inside the diving belis and sub-
mersibles to observe the environment outside the pressure-resistant hulls. In addition, on land, opera-
tors of hyperbaric chambers can observe the behavior of patients or divers undergoing hyperbaric
treatment inside the chambers.

Since the viewports form a part of the press.  -esistant envelope, they must meet or surpass the
safety criteria used for designing either the metalli. or plastic composite pressure envelope. The
ASME Boiler and Pressure Vessel Code Section 8§ provides such design criteria, and the chambers/
pressure hulls designed on their basis have generated an unexcelled safety record.

The wiewports, because of the unique structural properties of the acrylic plastic used in construct-
ing the windows, could not be designed according to the same criteria as for the prussure envelopes
fabricated of metallic or plastic composite materials. To preclude potential catastrophic failures of
windows designed on the basis of mnadequate data, in 1965, the U.S. Navy initiated a window testing
program at the Naval Civil Engineering Laboratory and the Naval Ocean Systems Center. Under this
program, window testing was conducted until 1975.

The objective of the window testing program was to generate test data concerning the structural
performance of acrylic-plastic windows fabricated in different shapes, sizes, and thicknesses. Candi-
dates for mnvestigation included the effect of major design parameters, like the thickness to diameter
ratio, bevel angle of bearing surfaces, and the ratio of window diameter to seat-opening diameter on
the structural performance of the windows, and empirical relationships were to be formulated between
these variables and the critical pressures at which windows fail. To make the test resuits realistic, the
test conditions were varied to simulate the in-service environment that the windows were to be sub-
jected. Thus, during testing, the windows were subjected not only to short-term pressurization at
room temperature, but also to long-term sustained and repeated pressurization at different ambient
temperatures.

On the basis of these data, empirical relationships were formulated between design parameters and
test conditions. Committees i the Pressure Techno.ogy Codes of the American Society of Mechani-
cal Engineers subsequently incorporated these relationships into the Safety Standard for Pressure Ves-
sels for Human Occupancy (ASME PVHO-1 Safety Standard). Since that time, this ASME Safety
Standard has formed the basis — worldwide — for desigming acry'ic window: 1n pressure chambers for
human occupancy. Therr performance record i excellent, since the publicauon of the Safety Stan-
dard in 1977, no catastrophic failures have been recordec that resulted in personal injury.

The data generated by the Navy's window testing program were originally disseminated in technical
reports of the Naval Civil Engineering Laboratory «..d the Naval Ocean Systems Center, and were
made available to the general public through the Defense Technical Information Center. To facilitate
distribution of these data to users inside and outside of the Department of Defense, the technical re-
ports have been collected and are being reissued as volumes of the U.S. Navy Ocean Engineering
Studies.




These volumes, containing the collected technical reports on pressure-resistant plastic windows, will
be deposited in technical libraries of Naval Laboratories and universities with ocean engineering pro-
grams. This dissemination of collected data should significantly reduce the effort currently being ex-
pended by students, engineers, and scientists in their search for data dispersed among the many re-
ports published over a 10-year period by several Naval activities.

~ Volume V of the Ocean Engineering Series is a2 compilation of three technical reports that discuss
the performance of spherical shell acrylic windows having different edge configurations. The coverage
describes both spherical shell hemispheres with equatorial flanges and spherical shell sectors with
square edges. In addiuon, their static and cyclic fatigue lives are compared to spherical shell sectors
with beveled edges. The supenor cyclic fatigue life and lower fabrication costs of spherical shell sec-
tors with square edges make them a more cost-effective design for spherical bow windows on manned
submersibles than (1) spherical shell windows with beveled edges and (2) hemispherical shell windows
with equatorial flanges. \

The pressure and duration of loading data summarized in the reports apply directly to spherical
shell windows of any size with an identical t/D1 ratio, while the displacements shown must be multi-
plied by a scale factor based on the ratio of minor diameters on the test and operational windows.

To date, these test data have been used successfully in designing spherical bow windows in sizes up to
96 inches fur tourist submarines.

J. D. Stachiw
Marine Materials Office
Ocean Engineering Division
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Experimental evaluation has shown that the spherical windows with square edges are
subjected to larger flexure moments than similar windows with conical edges. However, the
short-term critical pressures of spherical sector windows with square edges and included
angles 75° < a < 180° were found to be only 10 percent less than similar windows with con-
ical edges. For spherical sectors with a < 75°, square-edge mounting provides significantly
higher short-term implosion pressures than conical edge mountings.

Based on the short-term critical pressures, strains. stresses. and cyclic fatigue data gen-
erate.] by this study, the spherical shell sector windews with square-edge mountings are
considered acceptable for service in manned submersibles, habitats. or diving bells.
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SUMMARY
PROBLEM

Submersibles require for their operational effectiveness large panoramic bow windows.
To withstand high hydrostatic pressure acting upon the submensible. the bow windows must
be made n the shape of 4 spherical shell sector with a conical edge. Many windows of this
shape have beer buiit and are operating successfully in manned submersibles.

The conical edge of the spherical shell sector window and the matching conical seat
in the mounting flange require costhy machining to achieve the desired angular tolerances.
If such windows could be modified by replacing the conical edge with a square edge. signifi-
cant economies could be achieved during fabrication.

RESULTS

Acrvhc plastic spherical shell sector windows with square edges have been found to
perform satisfactorily under hy drostatic pressure when mounted in steel flanges with square
seats. The square edge performs particularly well on spherical sector windows with a spher-
ical angle less than 75°. The sealing of spherical shell sector windows with square edges is
also more reliable and easier to achieve than for similar windows with conical edges.

RECOMMENDATIONS

Acrvlic plastic spherical shell sector windows with square edges should be seriously
considered by engineers designing large bow windows for submersibles. For spherical angles
less than 75°. spherical shell sector windows with square edges should be preferred over
similar windows with conical edges.
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INTRODUCTION

Since the introduction in 1969 of acrs lic plastic spherical sector windows in the
field of ocean engineening, their use has consistently increased until they have practically
replaced flat dise and conical frustum windows in the bows of submersibles with design
depths less than 3000 feet (references 1 through 4). Glass and transparent ceramics will
soon extend the use of spherical sector windows to depths in excess of 30.000 feet (refer-
ence 3).

There are many reasons for ihe rapid acceptance of spherical sector windowss. but
the primary ones include supenior resistance to hy drostatic. hydrody namic. and point impa:t
loadmgs treference o). It is because of their spherical shape that panoramic windows with
an outside diameter of 40 inches or more are considered common. while flat dise and coniual
frustum windows larger than 12 inches are considered rare.

For some applications. the idea of panoramic visibility . extended one step bevond
the spherical sector window . has resulted in acny lic plastic spherical hulls. Their structural
and optical attributes (references 7 through 22). like those of spherical secior windows.
make them desirable replacements for spherical steel hulls with multiple view ports. Several
submersibies with don lic plastic hulls have been built and evaluated (references 7. 13, and
14). The performance of these hulls has been found to be not only cqual. but in some cases
superior. to metaliic hulls. The long-term enirapment of the Johnson-Sca-Link submenible
off the Flonda Coast in 1972 with the accompanving dezth of two aquanauts inside the
metallic lochout chamber and the sunvinal of iwo crew members inside the acryvlic pilot
capsulz 1s 2 good example of one advantage of acny he materiai. that is. its excellent thermal
msulation aganst low temperatures experienced at great depths even in subtropical and
tropical areas (reference 23).

The mounting of spherical sector acrs hie windows in metallic hulls must be carefully
performed. or unaceeptably high stresses can be generated in the bearing surface of the
window (refercaces | and 19). The cassical design solution. the use of matched conical
bearing surfaces on the window and the flange seat (figure 1), has proven itself in countless
mstallavons 2nd will continue to be used. The priman advantages of this mounting are the
abihities of contal suriaces to act ax a secondan high pressure seal and to accommodate
windows with slightly smaller or iarger diameters than specified.

Unfortunately . spherical windows with conical bzaning surfaces also possess some
disadvantages. (1) the high cost of accurately machiming the angle of conical surfaces and
(2) the susceptuibility to static and oy cic fatigue cracks i the conical beaning surface caused
by shidinz of the window on the seat n the flange. Since the conical moun.ing design is less
than ideal. other designs have been considered as possible zlternatives. One such desiga has
shiown sufficient promise to ment expenmental evaluation. This report covers the design
and experimental evaluation of spherical sector windows equipped with square vertreal bear-
ing and radial thrust surfaces thgure 2). Windows equipped with such beanng and thrust
surfaces are totally restrmined at the edge.

Yot




DESCRIPTION OF NEW MOUNTING CONCEPY

The square edges on the spherical sector windows have as their objective total
restraint of the window edge during application of hydrostatic loading to the convex surface
of the window. Total restraint has been acbieved by carrying all vertical bearing forces on a
flat horizontal surface around the circumierence of the window. while the radial thrust of
the window is carried by a vertical cylindrical surface forming the outside diameter of the
window (figure 3A). The seat in the window flange has a set of surfaces that matches that
of the window (figure 3B). Since both the horizontal and vertical surfaces on the window
as well as on the flange can be rapidly and precisely machined on a lathe, there is a good fit
between the edge of the window and the seat in the flange. This fit assures even distribution
of compressive stresses in the edge of the window. Furthermore, because of the small clear-
ance between the cylindrical surface of the window’s circumference and the outside diameter
of the seat in the flange, very little sliding occurs between tlwe horizontal bearing surface on
the window and the seat in the flange. This fact alone should substantially increase the
fatigue life of the window’s bearing surface. This minimal effect of minute sliding can be
totally eliminated through the use of hard neoprene or a cork bearing gasket which is placed
between the horizontal bearing surfaces of the window and the flange. In effect, the new
window mouniing design eliminates to a lurge degree surface crazing and cracks initiated on
the window’s horizontal bearing surface by shear forces between the moving window and
the stationary flange seat. However, because of the restraint imposed on the edge of the
window, bending stresses of higner magnitude are imposed on the spherical sector window
with a square edge than upon a similar window with a conical edge. The seriousness of these
stresses was evaluated during this experimental study.

EVALUATION OF NEW MOUNTING CONCEPT

The evaluation of the new mounting concept for spherical sector windows with
square edges was experimental. It consisted of (1) designing a series of acrylic plastic spher-
ical sectors with square edges; (2) fabricating the sectors; (3) instrumenting the sectors with
electric resistance strain gages; (4) subjecting the instrumented sectors to external hydro-
static pressure; and (5) comparing the experimentally generated strains with those from
past tests on spherical sectors with conical edges.

DESIGNS

The design of the square edge on the window required that the available surface be
proportioned between the horizontal bearing and vertical thrust surfaces. The relationship
between the membrane force acting on the conical bearing surface and the vertical and hori-
zontal force components acting on the horizontal and vertical surfaces in the flange seat can
be expressed as
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FR is radial thrust, pounds/inch of circumference
Fy is vertical bearing force, pounds/inch of circumference
FM is membrane force, pounds/inch of circumference.

From equations 1 and 2, one can readily see that as the total included angle of the spherical
sector increases so does the vertical force component, while the horizontal force component
decreases until for a hemisphere it is equal to zero. Only for an included angle of 90° are
both components of equal magnitude.

Since it is desirable to maintain a uniform compressive bearing stress on the edge of
the window, the areas of the horizontal and vertical edge surfaces must be proportional to
the magnitude of the vertical and horizontal force components (figure 4). This can be readily
accomplished by assigning the following dimensions to the vertical and horizontal surfaces
of the window edge:
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where

h is the height of the cylindrical surface
w is the width of the horizontal surface
t is the thickness of the shell.

The design of the edge can also be rapidly accomplished by (1) drawing to scale the
cross section of the spherical sector window with the conical edge, (2) converting the conical
edge into a square edge by placement of vertical and horizontal lines that originate at the
outer and inner diameters of the sector, and (3) measuring the resultant dimensions of the
window to the nearest 0.01 of an inch.

TEST SPECIMENS

Model scale sectors with t/R; = 0.159 were selected as test specimens. This ratio was
selected as representative of spherical sector windows either in service or soon to be in service
aboard submersibles with design depths in the 1000- to 3000-foot range.

A total of eight window specimens was prepared (table 1). Seven were fabricated
with the square edge, and one was made with a conical edge (figures 5 through 11). The




Table 1. Spherical Sector Window Test Specimens.

Spherical Angle, Type of
deg D;, in R;, in t,in t/D; t/R; Mounting

30 1.786 3450 0540 0302  0.157 Square edge

60 3.445 3.452 0.550 0.160  0.159  Square edge

90 4.881 3.448 0545 0.112  0.158  Square edge

120 5.965 3452 0.548 0.092 0.158 Square edge

120 5.970 3.452 0.551 0.092 0.160 Square edge

120 5975 3453 0550 0.092  0.159  Conical edge

150 6.655 3.451 0.550 0.083 0.159  Square edge

180 6.890  3.445 0.547 0.07¢  0.159 Square edge

Notes: 1. Acrylic plastic serving as machining stock was 4-inch-thick Plexiglas G.

2. All surfaces of the window test specimens.were polished.

window with the conical edge had an included angle of 120°, typical of most spherical sector
windows in modern submersibles (figure 9). The window with the conical edge was included
to allow a direct comparison between strains in both window edge designs for a typical sub-
mersible window. Since both types of window were to be tested at the same time in a single
pressure vessel, the effect of experimental variables, such as temperature and pressure varia-
tions on the strain readings, would be eliminated.

FABRICATION

The spherical sector windows were fabricated (figure 12) by machining from 4-inch-
thick Plexiglas G plate, the physical properties of which were in excess of Navy and ASME
specificaticns for acrylic plastic in man-rated windows (references 19 and 20). The fabiica-
tion of the windows concluded with polishing of all surfaces and annealing at 175°F for
6 hours,

Flanges for the windows were fabricated (figure 12) from stzel with a minimum
yield point of 80,000 psi. All surfaces were machined to a 32 root-mean-square finish to
insure smooth surfaces in the window seat. The flanges were substantial enough to with-
stand the radial thrust of the window without yielding at the hydrostatic loadings required
to cause the window’s failure.

The clearance between the vertical edge of the window and the seat in the flange
was usually less than 0.005 inch and in no case more than 0.010 inch.

A




INSTRUMENTATION

Each window test specimen was instrumented with 0.125-inch-long strain gage
rosettes (figure 13). The gages were bonded to the interior surface of the spherical sectors
along a single meridian at 15° intervals of elevation. In addition, one gage was bonded to
the external surface opposite the internal gage at the edge of the window (figure 14).
Because of this arrangement, some w.:.dows had as many as eight, or as few as three,
rosettes. The gages were waterproofed. The wires from the external gages were conducted
to the exterior of the pressure vessel via a pipe conduit, while those from the ext:rnal gage
penetrated the vessel’s end closure via a pressure-resistant wire feedthrough.

TEST ARRANGEMENT

Testing was conducted in a 10-inch-diameter pressure vessel with a 20,000-psi pres-
sure capability at Southwest Research Institute, San Antonio, Texas. Water (70° to 75°F)
was used as the pressurizing medium. Each specimen was mounted in its respective flange
which, in turn, was placed on a flat steel bulkhead with infinite rigidity. Joints between the
window and the flange and the flange and the bulkhead were sealed with room-temperature-
vulcanizing silicone rubber (figure 15). When mounted inside the pressure vessel, the interior
of the window was always maintained at atmospheric pressure via the open instrumentation
conduit between the bulkhead and the pressure vessel cover (figure 16).

When two 120° sectors were tested simultaneously, the bulkhead was replaced by a
ring separating the two window flanges (figure 17). Sealing was also achieved with room-
temperature-vulcanizing silicone rubber and ambient atmospheric pressure was maintained
between the two windows by a pressure resistant conduit which connected the interior of
the window assembly to the exterior of the pressure vessel.

TEST PROCEDURE

Short-term implosion testing was conducted by individually pressurizing at a rate of
650 psi/minute to implosion each window that had been previously subjected to 24-hour
sustained loading. Strains were recorded at 500-psi intervals, while the 650-psi/minute pres-
surization rate was maintained until implosion occurred.

Long-term testing was done by individually subjecting the 30°, 60°,90°, 120°, 150°,
and 180° spherical sectors with square edges to 1200 psi* of sustained external hydrostatic
pressure for 24 hours. Strain rcadings were recorded at 200-psi increments during the 650-
psi/minute pressurization and at 6-hour intervals during sustained loading. Sustained loading
was followed by depressurization at a 650-psi/minute rate and a 24-hour period of relaxa-
tion. Strain readings were recorded again at 200-psi increments during depressurization and
at 6-hour intervals during the relaxation period.

Cyclic testing was conducted on a twin window assembly consisting of two 120°
spherical sectors (figure 17). One sector had a square edge. and the other a conical edge.

*Equal to approximately 25 percent of th- short-term cnitical pressure for windows with t/R P 0.159 and mcluded

angles in the 60° to 180° range (reference 1. .




The first pressure cycle consisted of (1) pressurizing the twin window assembly to 1200 psi
at a 650-psi/minute rate, (2) maintaining the pressure for 24 hours, (3) depressurizing at a
650-psi/minute rate to O psi, and (4) relaxing at O psi for 24 hours. Strains were read at
200-psi increments during pressurization and ai 6 hour intervals during sustained loading.
During depressurization, the strains were read again at 200-psi increments and 6-hour relax-
ation intervals. The following 100 pressure cycles were shorter; sustained loading and relax-
ation periods were only 4 hours each. During the 100 short cycles, the strains were read
only from gages located at 90° elevations on both windows. The readings were taken every
third pressure cycle four times: (1) prior to pressurization, (2) immediately after pressuriza-
tion, (3) after 4 hours of sustained loading at 1200 psi, and (4) immediately after
depressurization.

Static fatigue testing was performed by pressurizing the twin window assembly (fig-
ure 17) to 2500 psi (approximately 50 percent of short-term critical pressure) and maintain-
ing this pressure until implosion of one window in the assembly.

TEST OBSERVATIONS
Short-Term Testing

Implosions of spherical sector windows with square edges took place at critical pres-
sures comparable to those of spherical sectors with conical edges that were tested in a previ-
ous study (table 2). Some critical pressures were above the minimum critical pressures of
windows with conical edges (reference 1), while others were below (figure 18). It is interest-
ing to note that spherical sector winuows with square edges failed at higher pressures than
ones with conical edges, if the spherical angle was less than 75°. However, if the spherical
angle was larger than 75° but less than 180°, the spherical sectors with square edges failed at
approximately 10 to 15 percent lower pressures than those with conical edges. Only if the
spherical angle was 75° or 180° were the failure pressures the same, regardless of window
edge shape. It would thus appear that spherical sector windows with square edges and spher-
ical angles less than 75° are probably better suited to withstand short-term overpressuriza-
tions than identical windows with conical edges. However, in the 75° to 180° range of
spherical angles, the windows with square edges are less suited to withstand short-term over-
pressurizations than identical windows with conica! edges.

The failure mode of windows with square edges wa »plastic instability accompanied
by large-scale flexure moments (figures 19 through 26). This postulate is supported by the
presence of cone-shaped fractures located in the center of concave surfaces on some of the
windows (figures 19, 20, and 21). This fracture pattern is typical of flexure fractures in flat
disc and conical frustum windows with similar t/R; ratios. In addition. a deep crack was
observed on the convex surface of the 90° window arcund its periphery (figure 21,. Both
fractures are indicative of tensile stresses on the surface of the window at the moment of
failure; the central interior fracture cone is the result of tensile stresses on the concave sur-
face at the center of the window, while the external crack around the periphery was gener-
ated by tensile stresses on the exterior surface.

The presence of two fracture surfaces in the spherical sector windows with square
edges is distinctly different from the fracture pattern observed during past studies in windows
with conical edges (reference 1). In windows with conical edges, only the central fracture



Table 2. Implosion Pressures of Spherical Sector Windows with Square Edges
Under Short-Term Hydrostatic Loading.

Spherical Angle, Implosion Pressure,
deg t/R; t R, psi
30 0.157 0.540 3.450 11,700
60 0.159 0.550 3.452 5850
90 0.158 0.545 3.448 4700
120 0.158 0.548 3452 4500
150 0.159 0.550 3.451 4550
180 0.159 0.547 3.445 5200
Notes: Rate of pressurization. 650 psi/minute.

1.

2. Ambient temperature during test, 65 to 75°F.

3. Prior to implosion testing, each window was subjected to a 24-hour-long
sustained loading of 1200-psi magnitude followed by a 24-hour-long
relaxation period at O psi.

cone originating on the concave surface at the apex has been observed. This is evidence that
in a spherical sector window with a conical edge tensile stresses that exceed the tensile
strength of acrylic are present at the moment of failure only at the apex of the window on
the concave surface. The absence of high tensile stresses on the convex surface around the
periphery of the window with a conical edge is explained by the fact that only a very low
flexure moment exists at the edge of the window. The presence of a low flexure moment
at this location is in turn explained by the ability of the conical edge to slide on the steel
seat and thus help relieve the window of the radial restraint imposed by the steel flanges.
Since the spherical sector window with a square edge is restrained radially by the square
window seat, high bending moments are generated in such windows not only at the center
during the moment of failure but also around the periphery of the window prior to failure.
Strains in windows with square edges were fairly linear to approximately 2500 psi
of hydrostatic louding (figures 27 through 33). Above that value. they became highly non-
linear and in many cases reversed direction. The meridional strains in particular indicated
large-scale bending occurring around the periphery and at the center of the window. Bend-
ing around the periphery was deduced from the observation that the meridional compressive
strain on the convex surface of the window around its periphery (location 1-0)* generally
showed only a small increase with pressure (or even became positive). while the meridional
compressive strain on the concave surface of the window around its periphery (location 1)
showed a rapid increase with pressure. Flattening of the window’s center was deduced from
observation of the meridional strain at the center of the concave surface. This strain

*lLocation numbers refer to figure 13.




generally increased linearly with pressure. It was only just before implosion that the plotted
strain showed radical departure from the linearity that is typical of large-scale window deflec-
tion during elastic or plastic buckling failure.

It is interesting to note that there is a marked difference between the character of
strains on 30° to 60° square-edged windows and the 90°. 120°, and 150° square-edged win-
dows: In the latter instance the strains on the concave surface at the apex are negative,
while in the former they are positive and as the external pressure increases so does their
magnitude. This substantiates the postulate that square-edged windows with spherical
angles < 60° fail in flexure at the apex while those with spherical a..zles = 60° fail because
of plastic instability characterized by high compressive strains on the concave surface at the
apex which reverse their direction just prior to implosion.

Long-Term Testing

Strains recorded during the pressurization of spherical sector windows with square
edges to 1200 psi were quite linear and exhibited the same characteristics as strains recorded
during short testing to implosion. These characteristics are (1) a very small rate of increase
in compressive strain on the convex surface around the periphery of the window, along
meridional and hoop directions, and (2) a very large increase in compressive strain on the
concave surface around the periphery of the window in the meridional direction. It is inter-
esting to note that the magnitude of compressive meridional strain on the concave surfuce
around the periphery of the window is a function of spherical angle (figure 34). The merid-
ional strain at this location reaches a maximum in square-edged windows with a 150° angle.
For larger angles, the magnitude of strain decreases. Strains at the apex .»n the concave sur-
face behave somewhat differently (figure 35). For included angles 0° <« < 50°, the magni-
tude of tensile strain is an inverse function of the angle. reaching zero at 79°. For a> 50° the
strain becomes compressive, its magnitude increasing linearly with the angle reaching a maxi-
mum at 135°. At angles above 135°, the compressive strain decreases with an increase in angle.

This distribution of strains is quite different in spherical sector windows with conical
edges. There the difference in strain rates between different locations on the window is
much less, although the least compressive strain is found on the convex surface and the max-
imum compressive strain on the concave surface around the periphery of the window. In
general, the salient characteristics of spherical sector windows with conical surfaces are
(1) uniformity of strain distribution on the concave and convex surfaces and (2) linearity
of strain rates.

Stresses in 150° and 120° spherical sector windows with square edges were found to
be somewhat higher than in windows with conical edges, the highest stress being observed
in the window with a 150° included angle (figures 36 through 42). This ¢ri . - .-t . ress,
located on the concave surface around the periphery of the window, was vi.. .:d meridio-
nally. Its magnitude was approximately 30 nercent higher than in a window of the same
dimensions with a conical edge. Square-cdged windows with spherical ar .25 < 90° had
maximum stresses that were less than those in comparible windows with conical edges.

Creep in spherical sector windows with square edges was found to be highest on the
concave surface around the periphery of the window. Its magnitude after 24 hours of sus-
tained pressurization at 1200 psi was approximately 20 to 30 percent of the short-term
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strain at that location. By comparison, the creep on the concave surface at the apex of the
window was only 10 to 15 percent of the short-term strain at that location.

Cyclic Testing

The results from cyclic testing are very valuable because the, .-ermit a comparison
between strains on i20° spherical sector windows equipped with ei-. . 3nical or square
edge. Since this type of window is widely utilized in modern sub:.:c »." . experimental

data generated by the 120° spherical angle test specimen in this <. , -.> % .:tilized imme-
diately to both verify existing bow windows and design futu.e o .

At the conclusion of the first pressure cycle of 24 hours, st::i - measured on the
120° window with a conical edge were found (table A2) to be highes /-12,250 microniches/
inch) on the concave surface around the interior periphery of the wi '« oriented in the
meridiona! direction. The highest strain (-15,875 microinches/inch®  the window with a
square edge was also at the same location and oriented in the same « - .1on (tavie Al).

The lowest strain on the 120° window with a conical edge was found table A2) tu be

{~600 microinches/inch) on the convex surface around the periphery of the window oriented
in the circumferential direction. The lowest strain in the wir.. ow with square edge was also
(figure 30) at the same location and oriented in the same direction (+30 microinches, nch).
On the concave >urface at the apex, the strains for the 120° window with a conical edge
were, after 24 hours of sustained loading at 1200 psi, -8200 microinches/inch in the hoop
direction aud -7750 microinches/inch in the meridional direction. For the window with the
square edge, the strains at the same location were -8200 microinches/inch in the hoop direc-
tior arid -8450 microinches/inch in the meridional direction.

During the following 99 pressure cycles of 4 hours, the strains on the concave and
convex surfaces at the apex were found to change very little, except on the concave surface
for the window with the square edge where the magnitude of strains both in the hoop ana
mericional directions decreased significantly (about ;0 percent) between the first and the
ninety-ninth cycle.

Visual inspection of the windows’ square and conical bearing surfaces failed to
detect any signs of incipient cracks or crazing. Visual observation, however, detected radial
scratches (figure 43) on the conical bearing surface of the steel flanges: the scratches were
generated by repeated sliding of the window in the conical flange during 160 cyclic pressur-
izations to 1200 psi. The length of the individual scratches was measured to be about 0.025
inch. Radial scratches were not observed (figure 44) on the square edge’s bearing surfaces
of the steel flange, which indicated that sliding did not take place between window with th
square edge and its seat in the flange because of the tight fit between them.

Static Fatigue Testing

After subjecting the twin window test assembly (figure 17) to 2500 psi of sustained
hydrostatic loading for 800 hours at 70°F ambient temperature, one window imploded.
Investigation revealed (figures 45 and 46) that the implosi-.n was initiated by the 120°
spherical sector window with a square edge. This was expected since previous short- and
long-term tests had shiown the maximumn strain to be higher in the window with the square
edge.




The 800-hour-long static fatigue life of the spherical sector window with a square
edge at pressure loading equal to 56 percent short-term critical pressure compares favorably
with the 900-hour-long static fatigue life previously established for acrylic plastic NEMO
spheres with 0.153 t/R, ratio at 56 percent of their short-term critical pressure (reference 8).
On the basis of these data, it can be postulated that the high compressive meridional strain
on the concave surface around the peri.hery of the window Jdoes not significantly decrease
the static fatigue life of a spherical sector window with a square edge.

FINDINGS

1. Spherical shell sec.or windows with square e.!ges and included angles 75° < o <
180° fail at approximately 10 percent lower short-term pressure loading than spherical shell
sector wi..dows with conical edges, if they have the same t/R; ratio of 0.159 and included
angle «. Windows with square edges and included angles & < 75° fail under short-term loau-
ing at significantly higher pressures than similar windows with conical edges.

2. The magnitude of the maximum compressive strain on spherical shell sector win-
dows with square edges is generally higher than in windows with conical edges and identical
t/R; ratios and included angles .

3. The maximum compressive strain on windows with squaie edges is located on the
concave surface around the periphery of the window and is oriented in the meridional direc-
tion. Its magnitude is approximately 30 p. rcent higher than the strain at the same location
in 120° spherical shell windows with conical edges.

4. Spherical shell sector windows with square edges properly fitted into steel retain-
ing flanges do not slide upon the flange seat when subjected to external hydrostatic loading
of a cyclic nature. As a result, the fatigue life of the win .w’s bearing surface is much longer
for windows with square edges than for windows with cc..ical edges.

5. Spherical shell sector windows with square edges and included angles a < 60° faii
at the apex in simple flexure. The strains on the concave surface at the apex are tensile at
all times, and their magnitude increases linearly with hydrostatic toading.

6. Spherical shell sector windows with square edges and included angles « = 90°
generally fail because of p..stic instability. The strains on the concave surface at the apex
are compressive at all times und their magnitude increases linearly with hydrostatic loading
until immediately prior to ;-lastic instability.

7. Maximum creep in spherical shell sector windows with square edges was found to
be equal to approximately 30 percent of the short-term stiain «.tue after 24 hours of sustained
loading at 25 percent of the short-term critical pressure.
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CONCLUSION

Acrylic plastic spherical shell sector windows with square edges have been found to
be acceptable for service in manned hyperbaric chambers, submersibles, diving bells, or
habitats, if they are operated at lower pressures than similar spherical shell sector windows
with conical edges.

RECOMMENDATIONS

1. Acrylic plastic spherical shell sector windows with square edges can be used as
pressure-resistant viewports in pressure vessels for human occupancy, if the hydrostatic
loading to which they are subjected is less than their short-term critical pressure divided by
a conversion factor of 7 (reference 19). For service at temperatures above 75°C, higher con-
version factors must be used.

2. To maximize the cyclic fatigue life of such windows with square edges. it is required
that (1) a thin neoprene gasket be bonded to the horizontal bearing surface of the window,
(2) the radial clearance between the edge of the window ~nd the inner surface of the seat be
kept to a minimum during assembly at room temperature, zi:d ¢3) O-ring grooves be absent
from the bearing surfaces on the window or the flange.

3. Spherical shell sector windows should be sealed with an elastomeric gasket or
O-ring compressed between the convex surface of the window and a retainer ring (figure 47).

4. When the design parameters of a submersible system call for a spherical sector
window with an included spherical angle less than 75°, a square edge mounting is - referred
over 2 conical edge mounting. The square edge provides not only a more secure mounting
in the flange seat, but also gives thin windows a significantly higher short-term implosion
pressu:s
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3. Salient features of sphe-ical sector window with square edge and mounting.
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Figure 4. Critical design features of spherical sector window with square-edge concept.
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Figure 5. 30° spherical sector window with square edge and associated steel mounting flange.
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Part A. Interior.
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Part B. Exterior.

Figure 12, Window test specimens. dimensions are in figures 5 through 11.
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Figure 13. Locations of strain gages on windows subjected to long- and short-term hydrostatic tests,
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Figure 15, Typicalinstallation of window test assembly on steel bulkhead. Room-
temperature-vulcamzing silicone rubber was used to scal the window test assembly.
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Figure 16, Test jig for testing individual window assemblies inside pressure vessels.
The screen was used to catch window fragments.
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Part B. Twin window test jig prior to mounting inside a
pressure vessel, front view.

Part C. Twin window test jig prior to mounting inside a
pressure vessel, side view.

Ffigure 17. Continued
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Part B. Concave surface.

Figure 19. 30" sphenical sector window with square edge after beng subjected to short-term hydrostatic
pressure of sufficient magnitude to inttiate crack formation without catastrophic implosion.
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Part A. Convex surface.
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Part B. Concave surface.

Figure 20. 60° spherical sector window with square edge after being subjected to short-term hydrostatic

losion.
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Figure 21. 90° spherical sector window with square edge after catastrophic implosion, .
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Tigure 22. Horizontal bearing surface on 90° spherical sector window with square edge after catastrophic
implosion. Note the absence of circumferential cracks in the bearing surface.
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Figure 23. Horzontal bearing surface on 1207 spherical sector window with square edge after catastrophue
implosion. Note the presence of & few arcumferential cracks in the beanng surface,
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Figure 26. 180° spherical sector window with square edge after catastrophic implosion.
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Part A. Hoop strains.
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Figure 27. 30° spherical sector window with square edge 2nd t/R; = 0.159 (fizure 5)
under shori-term hydrostatic loading.
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Part B. Meridional strains.
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Figure 27. Continued.
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Part A. Hoop strains.
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Figure 28. 60° spherical sector window with square edge and t/Ri = 0.159 (figure 6)
under short-term hydrostatic loading.
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Part B. Meridional strains.
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Figure 28. Continued.
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Part A. Hoop strains.
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Figure 29. 90° spherical sector window with square edge and t/Ri =0.159 (figure 7)

under short-term hydrostatic loading.
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Part B. Meridional strains.
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Figure 29. Continued.
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Part A. Hoop strains on concave surface.
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200

1 | | l i 0
-12,000 -8000 -4000 0
STRAIN, win/in
Figure 31. 120° spherical sector window with conical edge and tIRi =0.159 (figure 9)

under short-term hydrostatic loading. See figure 17 for location of gages.




. Part B. Meridional strains on concave surface.
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Figure 31. Continued.




Part C. Hoop strains on convex surface.
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Figure 31. Continued.
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Part D. Meridional strains on convex surface.
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Figure 31. Continued,
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Part A. Hoop strains.
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Figure 33. 180" spherical sector window with square edge and tR; = 0.159 (figuze 11)

uader shost-tezm hydrostatic loading.
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"Part B. Meridional strains.
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Figure 33, Continued,
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"-8000

t/Rj=0.159
75°
SHORT-TERM LOADING
£ -4000}
£
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+4000 l 1 | ] |
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SPHERICAL SECTOR ANGLE, degrees

Figure 35. Relationship of spherical angle to strain on concave surface at apex of spherical sector windows
with square edges and t/Ri =0.159 subjected 10 1200-psi short-term hydrostatic loading.



. Part A. Hoop stresses.
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Figure 36. 30° spherical sector window with square edge and t/Ri =0.159 during
short-term hydrostatic loading to 1200 psi.




Part B. Meridional stresses.
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Figure 36. Continued.

64

HYDROSTATIC PRESSURE, psi




— 1200

— 1000
2
o
—800 5
[72]
w
w
o«
01.0 600 &
' 03 E
02 E
A1 —H400 O
o
-]
>-
xI

— 200

1 1 | L 0
-2000 +2000

STRESS, psi

Figure 37. 60° spherical sector window with square edge and tIRi =0.159 during
short-term hydrostatic loading to 1200 psi.




Part B. Meridional stresses.
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Figure 37. Continued.
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Part A. Hoop stresses.

-6000

1200
1000
800
600
©1-0
0 4
03 400
0O 2
a1
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STRESS, psi

Figure 39. 120° spherical sector window with square edge and t/R, =0.159
during short-term hydrostatic loading to 1200 psi.

68

HYDROSTATIC PRESSURE, psi



Part A. Hoop stresses on concave sutface.
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Figure 40. 120° spherical sector window with conical edge and :IRi =0.159
during short-term hydrostatic loading to 1200 psi.
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_Part B. Meridional stresses on concave surface.
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Figure 40. Continued.
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Part D. Meridional stresses on convex surface.
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Figure 40. Continued.
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Part A. Hoop stresses.
1200

1000

-6000 -4000 -2000 0
STRESS, psi

Figure 41, 150° spherical sector window with square edge and t/Ri =0.159
during short-term hydrostatic loading to 1200 psi.
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RS e

Figure 44. Absence of scratches on bearing surfaces of square window secat
in flange for 120° spherical sector window with square edge.
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Cemt %

Part A. Convex surface.

Part B. Concave surface.

Figure 45. 120° spherical sector window with square edge after implosion,
which occurred after 800 hours of sustained hydrostatic loading at 2500 psi.
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e

Part A. Concave surface.

Part B. Convex surface.

Tigure 46. 1207 spherical sector window with conical edge after 800 hours of sustaned hydrostatic loading
at 2500 psi. This window was tested with the one shown n figure 45. Note the total absence of cracks.
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Figure 47. Recommended sealing arrangements fos spherical sector windows with square edges.
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APPENDIX A. EXPERIMENTAL DATA

Experimental data generated by electric resistance strain gages during the testing of
spherical sector test specimens are in figures 27 through 42. However, since these data are
very basic for understanding the structural response of spherical windows to hydrostatic
loading, they are presented here in numerical form (tables Al, A2, and A3). The EPI column
shows hoop strains. EP2 column, meridional strains, SIGMA MAX column, hoop stresses:
SIGMA MIN column, meridional stresses; and TAU MAX column, maximum shear stress,

Data from long- and short-term implosion tests on 30°, 60°, 90°, 120°, 150°, and
180° spherical sectors with square edges are in table Al. The data from a 24-hour test at
1200 pst followed by a 24-hour relaxation period at O psi are at the top: the strains recorded
during sustained loading at 1200 psi and a relaxation period at 0 psi were taken at 6-hour
intervals. The short-term data recorded during pressurization to implosion are on the bottom
portion. The strains were recordad at approximately 1-minute intervals. Since the windows
were previously subjected to long-term pressurization, some of the strain gages did not return
to their original zero prior to initiation of the short-term implosion tests.

Data from the 24-hour test at 1200 psi on the twin window assembly (figure 17) are
in table A2. During sustained loading and relaxation periods, the data were recorded at
6-hour intervals. While the twin window assembly was being pressurized or depressurized,
the readings were taken at I-minute intervals.

Data from the 4-hour cyclic tests at 1200 psi on the twin'window assembly are in
table A3. The readings were taken only every third pressure cycle; these numbers are shown
in the load column as 1201, 1203. 1206 etc. (the first two digits of the number should be
disregarded). During a typical pressure cycle the readings were taken (1) immediately after
pressurization, (2) after 4 hours of sustained loading at 1200 psi. (3) immediately after
depressurization. and (4) after 4 hours of relaxation at 0 psi.
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APPENDIX B. DEFINITIONS

Creep — Time-dependent deformation of material under sustained loading of constant
magnitude.

Cyclic lou.aing — Pressurizing the window repeatedly to specified pressure at a rate of 650
psi/minute, maintaining this pressure for a specified number of hours, depressurizing
at 650 psi/minute to 0 psi, and allowing the window to relax for a specified number of
hours befors repeating the procedure.

Hoop orientation of strains or stresses — Direction parallel to the edge of the spherical sector
window.

Long-term loading — Pressurizing the window to a specified pressure at a rate of 650 psi/
minute and maintaining this pressure for a specified number of hours.

Meridional orientation of strains or stresses — Direction at right angle to hoop direction.

Relaxation — Time-dependent restoration of material to its original dimensions under absence
of external loading.

Short-term critical pressure - Pressure at which catastrophic failure of the window occurs
when subjected to short-term hydrostatic loading at 75°F ambient temperature.

Short-term loading — Increasing the hydrostatic pressure at a rate of 650 psi/minute.

Strain — Unit deformation. inch/inch of original length.
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SUMMARY

PROBLEM

Acrylic plastic hemispherical shells have been found to be, from structural and optical
viewpoints, ideally suited for incorporation into undersea systems as pressure-resistant win-
dows. Free thermal forming of plastic hemispheres with compressed air is an economical
fabrication technique, but it produces hemispheres that (1) terminate at the equator with an
integral flange, and (2) have a thinner shell at the apex than do precision-made shells. Until
the effect of these structural factors on the short-term critical pressure of hemispheres is
determined, inexpensive hemispherical shells cannot be produced by this fabrication tech-
nique for man-rated undersea structures.

RESULTS

Experimental data generated by this study show that the addition of an integral equa-
torial ring to a hemisphere of uniform thickness does not decrease its short-term critical
pressure providing that the ratio of its thickness to its inner radius is less than 0.2, For
thicker hemispheres there appears to be a significant decrease of short-term critical pressure
when an integral equatorial ring is incorporated into the shell.

Reduced w1l thickness at the apex of free-formed acrylic plastic hemispheres signif-
icantly lowers the actual short-term critical pressure of these hemispheres below the critical-
pressure value calculated on the basis of maximum wall thickness. Their short-term critical
pressure can be predicted accurately, however, if instead of maximum thickness their mean
thickness is used in computation.

RECOMMENDATIONS

Hemispheres with integral equatorial flanges and walls of nonuniform thickness can
be utilized as pressure-resistant windows in undersea systems providing that the effects of
the equatorial flange and the nonuniform wall thickness on th* short-term critical pressure
are t-hen into account. The results of this report can be applied without any major modifi-
catio . - hemispheres where (1) the thickness of the shell at the apex is no less than 65 per-
cent ot the thickness of the shell at the base, (2) the width of the flange is equal to its thick-
ness, and (3) there is a reasonable radius at the instep and no radius at the heel of the flange.
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INTRODUCTION

Acrylic plastic has been utilized almost from the very beginning of ocean exploration
for viewports in submersibles, ocean bottom habitats, personnel transfer capsules, decom-
pression chambers. and deep-ocean simulators. In some cases, acrylic plastic was even utilized
as a pressure-resistant hull to achieve panoramic visibility in manned submersibles.

The shape of acrylic plastic viewports can vary depending on the operational pres-
sure and visibility required of a particular submersible system. Typical shapes used are con-
ical frustum (reference 1), flat circular disc (reference 2), and spherical shell sector. This
latter shape is optimally suited to resist pressure loading because of its double curvature;
additionally, it gives the largest field of vision for any given viewport diameter.

Spherical shell sectors provide optimal pressure resistance only when the wall thick-
ness and sphericity of the shell are uniform and no restraints are imposed on the edge of the
shell when it deforms under hydrostatic loading. Such spherical shell windows have been
fabricated, tested, and described in the literature (reference 3). Because of their excellent
performance, they have already found application as picture windows in the bows of work
submersibles (reference 4).

Although spherical shell windows have been shown to offer optimal resistance to
hydrostatic pressure, the fairly high cost of fabricating such windows within tight dimen-
sional tolerances has deterred their wide application. For this reason, techniques have been
investigated whereby such windows might be produced more cheaply, sacrificing some struc-
tural quality if necessary. One technique investigated, free thermal forming using com-
pressed air, permits fabrication of inexpensive spherical shell windows having radii ranging
from 10 to 100 times the shell’s thickness. This technique has been used to produce several
large, hemispherical shell windows for submersibles at some 20 percent the cost of precision-
made shells. However, shells produced by this technique have walls of varying thickness and
an equatorial flange. two characteristics known from theoretical considerations to decrease
the ultimate pressure resistance of the shell. Until the effect of these structural factors is
determined and made available to ocean engineers, low-cost acrylic plastic hemispherical
shells cannot be reliably specified for ocean engineering systems.

An exploratory study into the effect of equatorial flanges and varying wall thickness
has been initiated at NUC; the results of this study form the subject of this paper.

CONDUCT OF STUDY

The study was conducted in two phases, experimental and analytical. The objective
of the experimental phase was to (1) generate implosion pressure, axial displacement, and
strain data for hemispherical acrylic shells with equatorial flanges and to (2) compare these
experimental values with data for hemispherical shells without flanges. Some of the flanged




shells tested were of constant thickness, others were thinner at the apex as is typical of free-
formed shells. Since a considerable store of data for flangeless shells was recorded in an
earlier study (reference 3) only a few additional flungeless shells were tested to complement
the existing data.

The analytical phase of the study utilized an elastic finite-element computer program
that had been previously successfully applied to acrylic plastic structures (reference 6). The
resultant stress contours were compared to the experimentally denived stresses to establish
the proper boundary conditions for future investigations and to provide insight into the fail-
ure mechanism.

EXPERIMENTAL PROGRAM

The experimental phase of the study was conducted using 40 hemispherical shells
with identical internal diameters of 5.500 inches. Of these. 10 were of uniform wall thick-
ness and had no equatorial flanges (figure 1)*, 15 were of uniform wall thickness and had
equatorial flanges (figure 2). and 15 were of varying thickness and had equatorial flanges;
the thickness varied uniformly from a maximum at the flange to a minimum at the apex
(figure 3). The minimum thickness was 65 percent of the shell thickness at the flange.

Test specimens were machined from cast Plexiglas G plate and annealed after machin-
ing (figure 4). Except for a few used in photography. they were left unpolished. The
mechanical properties of the Plexiglas G plate met the minimum level of properties estab-
lished previously (reference 5) by the authors as a requirement for man-rated acrylic struc-
tures (table 1).

Instrumentation for all of the acrylic hemispherical shells consisted of mechanical
dial indicators with 0.001-inch reading increments that measured the axial displacement of
the shell’s apex. The displacement of the shell was transmitted to the dial indicator by a
piano-wire linkage bonded to the apex of the shell with silicon RTV,

On one specimen of each thickness and type. electric resistance strain gages were
installed on the interior of the shells (figure 5). The three-element rosette gages (Baldwin
Lima Hamilton. FAER-12RB-12S6ET) were bonded to the inside shell surface with Eastman
910 cement at the apex. at a 20-degree elevation above the flange. and at the flange. Water
proofing (BLH Gagecote 1) and silicone RTV completed the instaliation.

Test equipment consisted of internal pressure vessels with 20,000-psi pressure capa-
bility. The pressure vessel’s end closure contained an opening through which the interior of
the acrylic shell could be reached with strain gage wires and the mechanical linkage to the
dial indicator.

Test procedure for the hydrostatic testing of acrylic hemispheres was identical to the
one used in previous test programs for implosion of acrylic hemispheres under short-term
loading conditions. The rigid steel bearing plate used to support the hemispheres (figure 6)
wus liberally coated with DC4 silicone grease prior to placement of the test specimen. The
grease coating not only decreased the friction between the acrylic and the steel plate but
also acted as a water seal. Pressurization of the acrylic hemisphere was accomplished with
tap water at 70°F whose pressure was raised at a rate of 650 psi/minute until the hemisphere
imploded.

*Figures are grouped at the end of cach section




Table 1. Specified? Properties for Acrylic Plastic Viewports.

Property Required Value ASTM Test
Hardness, Rockwell M90 minimum D785-62
Specific gravity 1.19 £0.01 D792-66
Refractive index 1.49 +0.01 D542-50
Tensile. ultimate strength 9.000 psi, minimum D638-68

elongation at break 2% minimum

modulus 400,000 psi minimum
Compressive, yield strength 15.000 psi, minimum D695-69

modulus 400,000 psi, minimum
Flexural. ultimate strength 14.000 psi, minimum D790-70
Shear. ultimate strength 8.000 psi, minimum D73246
Compressive deformation 1.0% maximum at 4000 psi D621-64
and 122°F for 24 hrs

Water absorption 0.25% maximum in 24 hrs D570-63
1zod, notched impact strength 0.3 ft. 1bs/in.fin. D256-70
Ultraviolet light transmittance 5% maximum D1003-61

aQ0riginated by the authors (reference 5) at the U. S. Naval Civil Engineering
Laboratory for Navy use and subsequently proposed for adoption by ASME.

Data reduction for the imploded acrylic shells consisted of averaging the implosion
pressures and displacement for groups of shells with identical dimensions. Strains. which
were measured only on a single specimen from each group of shells, were not averaged but
were converted into principal stresses. A modulus of elasticity of 450.000 psi and a
Poisson’s ratio of 0.35 were used to convert strains into stresses.

ANALYTICAL PROGRAM

The Wilson axisymmetric shell finite-element computer program (reference 7) was
utilized to investigate the elastic stress patterns in a typical flanged hemispherical window
of constant thickness. The purpose of the analysis was to locate areas of high stress which
would be indicative of the failure location but might not have been detected by the strain
gages and. secondly. to correlate the experimentally derived stresses with the computer-
generated detailed stress patterns. Previous studies (reference 6) established the suitability
of the Wilson code for elastic analysis of acrylic plastic structures.

Figure 7 shows the mesh used for the 0.500-inch-thick (t/R; = 0.182) spherical win-
dow. The quadrilateral mesh elements were sized to match the anticipated stress gradients.
High-stress gradients were expected at the flange-to-dome junction and. therefore. the mesh
elements were reduced in size and increased in number in this region.




The actual boundary condition at the flange bearing surface was not modeled
directly but rather bracketed by two extreme conditions. In one case, the boundary was
rigidly fixed: in the other case, it was free to move in the radial direction. Although the
actual restraint to radial movement due to friction lies somewhere between these extremes,
this approach was judged to be adequate.







D; =5.500 in.

flange diameter = (56.500 +2t) in..
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(Conunucd)

Figure 6




n.t Thickness; t/Ri =0.182.

Figure 7. Finite-Element Mesh of Flanged Hemispherical Window of Consta
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EXPERIMENTAL RESULTS
SHORT-TERM IMPLOSIONS

Implosion pressures recorded (table 2) during short-term pressurization of hemispher-
ical shells were fairly reproducible for specimens of the same configuration and nominal t/R
ratio. The spread of implosion pressures for any given configuration and t/R, ratio was gen-
erally less than 10 percent of the average pressure. The average collapse pressures for the
specimens are plotted against the actual t/R; in figure 8.

For shells of constant thickness there appeared to be no significant difference
between implosion pressures of shells with flanges and those without them providing that
t/Ri < 0.200. For shells with t/R; > 0.200, the implosion pressures of shells with flanges
appeared to be lower than for shells without flanges.

For shells of variable thickness with flanges. the implosion pressures were always
lower than that of flanged shells with constant thickness, providing that the comparison was
made at the same nominal t/Ri ratio, where t = thickness at the flange. However, if the full
range of t/R,. which varied from a minimum at the shell apex to a maximum at the flange,
was used in the comparison. the data for variable-thickness flanged shells intersects the curve
for the constant-thickness windows. Two inferences can be drawn from this observation;
namely, that implosion pressure for variable-thickness windows can be predicted using the
mean t/R, ratio for that shell and, secondly, that failure probably originates at about a 45-
degree elevation from the flange for these shells (where the mean thickness of the shell is
located).

Table 2. Implosion Pressures.

Nominal values Mean values? Implosion pressures
Thickness Thickness Min. | Ave. | Max.
Window type inches t/D; t/R; inches t/ R; psi psi psi
No flange 0.062 0.01110.022 NA NA 180 | 203 | 237
constant thickness :
With flange 0.062 0.011]0.022 NA NA 200 | 227 | 250
constant thickness
With flange 0.062 0.01110.022 0.051 0.018 | 103 106 110
variable thickness
No flange 0.125 0.023]0.046 NA NA 920 | 995 {1040
constant thickness
With flange 0.125 0.023]0.046 NA NA 946 | 992 |1085
constant thickness

aThickness at 45-degree elevation.
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Table 2. (Continued)

Nominal values

Mean valuesd

Implosion pressures

Thickness Thickness Min.| Ave.| Max.
Window type inches t/ Di t/ Ri inches t/ Ri psi psi psi
With flange 0.125 0.0231 0.046 0.103 0.037| 750 | 775 800
variable thickness
No flange 0.250 | 0.046]0.091 NA NA |2800b]|2996b| 3160D
constant thickness
With flange 0.250 0.046 | 0.091 NA NA [3150 {3280 | 3390
constant thickness
With flange 0.250 0.046] 0.091 0.206 0.075| 2860 {3007 | 3080
variable thickness
No flange 0.500 0.091] 0.182 NA NA | 7000b| 73221 7550b
constant thickness
With flange 0.500 0.09110.182 NA NA {7500 | 7713 | 7990
constant thickness
With flange 0.500 0.09110.182 0412 0.149 | 5700 | 5900 | 6000
variable thickness
No flange 0.750 0.13710.273 NA NA [1750b]11970bji2300b
constant thickness
With flange 0.750 0.137]0.273 NA NA 19470 |9735 110990
constant thickness
With flange 0.750 0.13710.273 0.618 0.225 9100 {9400 | 9700
variable thickness

aThickness at 45-degree elevation. bExperimental values taken from ieference 3.

AXIAL DISPLACEMENT

Axial displacements measured for shells of co

it thickness were not significantly

influenced by the presence of flanges (figure 9) proviu..yg that the comparison between

flanged and flangeless shells was always made between shells of the same nominal t/R, ratio

loaded to only approximately 50 percent of their short-term critical pressure,

Shells of variable thickness with flanges exhibited significantly higher axial displace-
ments for a given nominal R, ratio than did flanged shells of constant thichness subjected

to approximately 50 percent of their short-term critical pressure.
Table 3 summarizes the displacements measured for flanged and flangeless shells.
Displacement measured for individual shell specimen are presented in the appendix.




Table 3. Axial Displacements.

Nominal thickness? Displacement, inches?
Pressure,
Window type Inches t/D; t/R; Min. Ave. Max. psi

No flange 0.062 0.011 0.022 0.001 0.002 0.003 100
constant thickness

With flange 0.062 0.011 0.022 0.003 0.004 0.006 100
constant thickness

With flange 0.062 0.011 0.022 0.004 0.006 0.009 100
varying thickness

No flange 0.125 0.023 0.046 0.018 0.024 0.030 500
constant thickness

With flange 0.125 0.023 0.046 0.014 0.018 0.022 500
constant thickness

With flange 0.125 0.023 0.046 0.024 0.027 0.031 500
varying thickness

No flange 0.250 0.046 0.091 0.022¢ | 0.036¢ | 0.051¢| 1500
constant thickness

With flange 0.250 0.046 0.091 0.031 0.033 0.034 1500
constant thickness

With flange 0.250 0.046 0.091 0.040 0.043 0.050 1500
varying thickness

No flange 0.500 0.091 0.182 0.041¢ | 0.061¢| 0.080¢| 3500
constant thickness

With flange 0.500 0.091 0.182 0.046 0.056 0.066 3500
constant thickness

With flange 0.500 0.09] 0.182 0.066 0.074 0.084 3500
varying thickness

No flange 0.750 0.137 0.273 0.055¢ | 0.074¢| 0.080¢] 5000
constant thickness

With flange 0.750 0.137 0.273 0.065 0.074 0.091 5000
constant thickness

With flange 0.750 0.137 0.273 0.079 0.085 0.091 5000
varying thickness

8Thickness of shell at the flange.
bRadial displacement of the apex.
CExperimental values taken from reference 3.




FAILURE MODES

Modes of failure for flanged shells varied with the nominal t/R; ratio. Very thin
shells (t/R; = 0.022) failed by local elastic instability centered at approximately 15 to 20
degrees of elevation from the flange. The local instability failure was characterized (figure
10) by a nearly circular fracture that intersected the flange. No shear cracks were observed
at the reentrant corner (instep) of the equatorial flange. This type of failure was very repro-
ducible from one shell to another.

Thin shells (t/Ri = 0.046) failed by local elastic instability centered at about 45
degrees of elevation. The failure pattern (figure 11) was somewhat irregular but reproduced
well from one shell to another. No cracks were observed at the instep of the equatorial
flange.

Medium thick (0.091 < t/R] < 0.182) shells failed by plastic instability originating
near the apex of the shell. The fracture pattern (right hand side of figure 12) was character-
ized by “orange peel” fragments originating at the apex. Circumferential shear cracks were
observed at the instep of the flange propagating toward the flange-bearing surface. In one
case. the flange sheared completely from the hemisphere prior to implosion (left hand side
of figure 12).

Thick (t/R; > 0.273) shells failed by total plastic instability. The fracture pattern
was quite irregular due to the fragmentation of the shell into very minute shards (figure 13).
The circumferential crack at the instep of the flange produced complete separation of the
flange from the shell in each test specimen.

The debris from many of the medium-thick and from all of the thick windows con-
tained large segments of the flange. In one test, the pressurization of the thick shell was
terminated after the flange sheared off. Upon inspection of the shell. the fragmented flange
was the only visible indication of failure. These large flange segments suggest that the flange
breaks away prior to plastic instability of the thick dome. The loss of the flange may then
trigger plastic collapse of the dome.

STRAINS AND STRESSES

Experimentally measured strains and the derived stresses on shells varied from loca-
tion to location on a single shell and from one shell to another depending on its nominal
t/R, ratio and whether it was of constant or varying thickness. A complete discussion of the
experimental strains and stresses measured on shells of constant and varying thickness would
make the main body of the report too long and therefore has been delegated to the appendix.
However, since a finite-element analysis of a moderately thick flanged shell of constant thi k-
ness is used as an example in the main body of the report, the experimental data for that
shell thickness has been included for comparison (figure 14).

Piotted data indicate that the stresses in a moderately thick flanged shell of constant
thickness increased almost linearly with pressure and. with the exception of the meridional
stress at the flange. were of about the same value. At approximately 50 percent »f implosion
pressure some of the strain gages failed because of the very high strains associated with these
stresses. but gages which were on other flanged shells of similar thickness continued to fune-
tion and recorded a nonlinear increase in strain as the specimen neared implosion. Figure 15
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shows not only the nonlinear increase in strain, but also the nonlinear increase in radial
apex displacement. The radial apex displacement becomes almost a step function just prior
to plastico-elastic instability failure of the shell.
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Figure 13. imploded Flanged Shell of Constant Thickness: t/R; = 0.273. Note that the
failure is general rather than local. The fragments from this thick shell have been found
to be smaller than fragments from thinner shells.
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ANALYTICAL RESULTS

An elastic finite-element computer analysis of a moderately thick shell (t/R; = 0.182)
was conducted for two different flange boundary conditions. In one case, the flange-bearing
surface was free to move in the radial direction; in the other, it was restrained. The com-
puter produced contours of principal stresses, effective stress and effective strain.

The principal stresses were primarily utilized in the comparison of analytical and
experimental data. The effective stress, which is an overall measure of stress at a point and
is useful for the prediction of initial yielding, is defined as

Ocffective = \/%- \/((Ic— Om) 24 <°m - 0r> 2, (or- oc) 2 ’

where 6. 0 0 are the circumferential, meridional, and radial principal stresses, respec-
tively. Effective strain combines the principal strains according to the formula

&effective = \/‘:3’:-\/{80— 8m)2 + <8m‘ 8r) 24 <&r" &c)z

and has been suggested as an indicator of plastic collapse in acrylic structures. Although no
attempt was made to extend the elastic analyses to the inelastic regime and thereby predict
the implosion pressure of the shell, the effective strain plots give an indication as to the
probable origin of the failure.

PRINCIPAL STRESSES

The meridional and circumferential stress contours (figures 16-19) indicate that the
stresses at the shell apex are basically the same for both boundary conditions. However, as
the shell is traversed from apex to flange, the boundary conditions have an effect on the
principal stresses. Both the meridional and circumferential stresses in the unrestrained shell
(figures 16 and 17) are rairly uniform and numerically equivalent, whereas the stresses 1n the
restrained shell (figures 1€ and 19) differ noticeably from each other and tend to diverge
frop the unrestrained case. The circumferential stresses decrease and the meridional stresses
increase as the restrained flange is approached. Figure 20, whicl! presents only the inside
surface stresses. illustrates this divergence clearly.

One of the uses for stress contour plots is to locate stress concentrations. The stress
concentration in the unrestrained shell is slight (15-20 percent greater than the nominal
apex stress) and is located at the reentrant corner (instep) of the flange, whereas the
restrained case produces a minor stress concentration of about a 70-percent increase at the
inside corner (heel) of the flange. Neither concentration is judged serious enough to degrade
shell performance.

The difference in the principal stresses for the two boundary conditions 1s readily
explained by an examination of the physical processes invclved. The freely moving shell
acts much like a flangeless hemispheie and therefore the stresses are uniform and nearly
equal. Cnly the meridional stress, which becomes the bearing stress at the flange, differs
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.rom ideal; this is due to the large available bearing suiface at the flange, which tends to
lower the stress. Restraint of the flange changes the shell behavior markedly. the shell tends
to act as two separate segments, the dome and the flange. The dome moves, but the flange
is restrained and cannot. Therefore, the circumferential stress, which is generated by the
radial movement of the shell, decreases as the restrained flange is approached. The relative
movement between the dome and the flange tends to offset the dome and flange center
lines, which introduces a bending effect and increases the meridional stress. A final observa-
tion is that the stresses for both cases are in agreement within 30 degrees of the apex and
therefore the effect of the boundary condition restraint is limited to less than a 60-degree
elevation from the flange.

The experimental data has been plotted in figure 20 to allow a visual comparison
between the experimental and calculated interior surface stress values. The agreement of
the experimental stresses with the free boundary condition stresses is generally quite good
with the exception of the meridional stress 20 degrees from the flange. The agreement with
the fixed boundary condition is poor except at the apex; therefore, it is concluded that a
free boundary condition better describes the structural behavior of a flanged. hemispherical
acrylic shell of medium thickness lubricated with silicone grease at the bearing surface than
does the fixed boundary condition.

EFFECTIVE STRESS

The plots of effective stress (figures 21 and 22) support the postulates that the un-
restrained shell acts like a flangeless hemisphere and the restrained shell behaves as two
separate sivuctures, a hemispherical shell and a restrained ring. The effective stress, which is
used to predict initial yielding, indicates that a large portion of the unrestrained shell yields
at the same hydrostatic pressure, whereas the restrained shell yields first at the heel of the
fiange. The pressure at which initial yielding of the restrained shell occurs is about 25 per-
cent lower taan the pressure at which yielding begins in a moderately thick shell that is
permitted to move freely in the radial direction.

EFFECTIVE STRAIN

The differences between the two cases largely disappear when one plots only effec-
tive strains (figures 23 and 24). Not only do the strain contours agree in location but they
also agree in value. These plots suggest that a strain-dependent tailure is probable at 45
degrees of elevation in a moderately thick shell.
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CONCLUSIONS

I. Under short-term hydrostatic loading. the implosion pressure of hemispherical
shells of uniform thickness with an equatorial flange (whose width and thickness are equal
to shell thickness) did not differ significantly from that of similar hemispherical shells with-
out an equatorial flange unless the t/R; ratio was greater than 0.200. For shells with
t/Ri > 0.200. the flange appears to reduce the collapse pressure by about 10 perceat.

2. The short-term collapse pressure of hemispherical shells of variable thickness
{maximum variation of 35 percent) can be fairly well predicted from data fo, windows of
constant thickness if the mean thickness of the shell is used rather than the nominal t,’Rl
ratio at the flange.

3. Apex displacements for shells of constant thickness loaded to 50 percent of the
coilapse pressure are independent of the presence of an equatorial flange. The apex dis-
placements of shells of variable thickness are approximately 35 to 45 percent greater than
the apex displacement of constant thickness shells.

4. Stresses were linear to at least 50 percent of collapse pressure for all shells.

5. The finite-element computer model that allowed the flange to move freely in the
radial direction produced stresses that agreed reasonably well with the experimentaily
derived stresses and also gave insight into the mode of shell {ailure.

RECOMMENDATIONS

I. In the prediction of critical pressures for hemispherical shells of nonuniform
thickness. it is conservative to use the minimum thickness found at the apex of the shell
rather than its mean thickness because the variation in shell thickness may be more than the
35 percent typical for the experimental data described in this report.

2. Equatorial flanges can be incorporated (reference 9) into the hemispherical shell
for ease of mounting providing that (a) the instep has a reasonable radius. (b) the heel is
square, (c) the width and thickness of the flange are equal to the nominal shell thickness.
(d) the top surface of the flange is the equatorial plane of the hemisphere. and (e) the t,’Ri
ratio of the hemisphere is less than 0.2.
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APPENDIX. RESULTS OF HYDROSTATIC TESTS

This appendix presents axial displacements as well as strains and stresses recorded
during hydrostatic testing of windows to implosion.

EXPERIMENTAL DISPLACEMENTS

Displacements measured for flanged shells of constant and varying thickness are
plotted versus pressure in figures A.1-A.4. Tables A.1-A.12 follow and present displacements
measured for individual specimens of flanged shells of constant and varying thickness and
for flangeless shells of constant thickness.
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Table A.1. Displacement of Apex Measured on a Flanged Hemisphere of Constant Thickness
(# 3) Under Short-Tern Hydrostatic Loading. Nominal t/ R;= 0.023: Actual
thickness of flange = 0.062 in.. of apex = 0.069 in.: Temperature = 65°F:
Pressurization rate = 82 psi/minute.

Pressure (psi) 0 10 20 30 40 50

Displacement (inches) 0.00 0.00 0.010 0.010 0.020 0.020

Pressure (psi) 60 70 80 90 100 110

Displacement (inches) 0.003 0.003 0.004 0.004 0.005 0.005

Pressure (psi) 120 130 140 150 1560 170

Displacement (inches) 0.006 0.007 0.009 0.009 0.0il 0.013

Pressure (psi) 200 220 250

Displacement (inches) 0.014 0.017 0.02i

Table A.2. Displazement of Apex Mezsured on a Flanged Hemisphere of Constant Thickness
(# 5) Under Short-Term Hydrostatic Loading. Nominal t/R; = 0.046: Actual
Thickness of flange = 0.116 in.. of apex = 0.113 in.: Temperature = 60°F:
Pressurization rate = 100 psi/minute.

Pressure (psi) 0 50 100 150 200 250

Displacement (inches) 0.000 0.000 0.002 0.003 0.005 0.007

Pressure (psi) 300 350 400 450 500 350

Displacement (inches) 0.012 0.013 0.016 0.019 0.022 0.025

Pressure (psi) 600 650 700 750 800 850
Displacement (inches) 0.028 0.030 0.033 0.055 0.038 0.042

Pressure (psi) 900 930 9
Displacement (inches) 0.045 0.049 0.052
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Table A.3. Displacement of Apex Mcasured on a Flanged Hemisphere of Constant Thick-
riess (# 8) Under Short-Term Hydrostatic Loading. Nomina! t/R;=0.091:
Actual thickness of flange = 0.249 in., apex = 0.256 in.: Temperature = 62°F:
Pressurization rate = 100 psi/minute.

Pressure (psi) 0 50 100 200 300 400

Displacement (inches) 0.000 0.000 0.000 0.002 0.006 0.008
Pressure (psi) 500 600 700 800 900 1000

Dispiacement (inches) 0.012 | 0.013 0.015 0017 | 0017 | 0.017

Pressure (psi) 1100 1200 1300 1400 1500 1600

Displacement (inches) 0.020 0.027 0.031 0.031 0.034 | 0.039
Pressure (psi) 1700 1800 1900 2000 2100 2200

Displacement (inches) 0.042 0.045 0.048 0.054 0.056 0.058

Prezsure (psi) 2300 2400 2506 2600 2700 2800

Displacement (inches) 0.060 | 0.067 { 0.073 0.083 0.092 | 0.098

Pressure (psi) 2900 3000 3100

Displacement (incies) 0.106 0.125 0.150

Table A.4. Displacement of Apex Measured on a Flanged Hemisphere of Constant Thick-
ness (¥ 11) Under Short-Term Hydrostatic Loading. Nominal t/R; =0.182:
Actual thickness of flange = 0.503 in.. of apex = 0.505 in.: Temperature =
56°F: Pressurization rate = 500 psi/minute.

Pressure (psi) 0 250 500 750 1000 1250
Displacement (inches) 0.000 0.008 0.012 0.014 0.022 0.025
Pressure (psi) 1500 1750 2000 2250 2500 2750
Displacement (inches) 0.029 | 0.037 | 0.641 | 0.045 | 0.0458 | 0.052
Pressure (psi) 3000 3250 3500 3750 4000 [ 42350
Displacement (inches) 0.058 0.063 0.066 | 0.072 0.075 | 0.083
Pressure (psi) 4500 4750 5000 53250 3500 3750
Displacement (inches) 0.087 0.091 0.098 0.102 0.109 0.113
Pressure (psi) 6000 6250 6500 6730 7000 7250
Displacement (inches) 0.1i8 0.125 0.135 0.145 0.158 0.178

Pressure (psi) 7500

Displacement (inches) 0.i86
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Table A.5. Displacement of Apex Measured on a Flanged Hemisphere of Constant Thick-
ness (#15) Under Short-Term Hydrostatic Loading. Nominal ¢/R; = 0.273:
Actual thickness of flange = 0.752 in.. of apex = 0.750 in.: Temperature =
65°F: Pressurization rate = 500 psi/minute.

Pressure (psi) 0 500 1000 1500 2000 2500
Displacement (inches) 0.000 0.010 0.019 0.026 0.031 0.037
Pressure (psi) 3000 3500 4000 4500 5000 5500
Displacement (inches) 0.043 0.049 0.055 0.062 0.068 0.073
Pressure (psi) 6000 6500 7000 7500 8000 8500
Displacement (inches) 0.083 0.091 0.099 0.108 0.118 0.129
Pressure (psi) 9000 9500 }10.000 [10.400 |[10.600 | 10.800
Displacement (inches) 0.142 0.157 0.175 0.194 0.194 0.205
Pressure (psi) 10.990

Displacement (inches) 0.22]1

Table A.6. Displacement of Apex Measured on a Flangeless Hemisphere of Constant Thik-
ness (£18) Under Short-Term Hydrostatic Loading. Nominal t;;Ri =0.023:
Actual thickness of equator = 0.059 in.. of apex = 0.063 in.: Temperature =
64°F: Pressurization rate = 90 psi/minute.

Pressure 0 10 20 30 40 50
Displacement (inches) 0.000 | 0.00 0.00 0.00 0.00 0.00
Pressure (psi) 50 70 $0 90 160 110
Displacement (inches) 0.00 0.001 0.002 0.003 0.003 0.003
Pressure (psi} 120 130 140 150 160 170
Dispiacement (inches) 0.004 0.005 0.006 0.007 0.009 0.010
Pressure (psi) 180 i85 190 200 205 208
Displacemient (inches) 0.011 0.0is 0.016 0.018 0.020 | 0.021
Pressure (psi) 210 215 220 225 230 233
Displacement (inches) 0.023 0.024 0.025 0.02¢ ; 0027 0.028
Pressure (psit) 236 237

Displacement (inches) 0.029 0.031




Table A.7. Displacement on Apex Measured .on a Flangeless Hemisphere of Constant Thick-
ness (#22) Under Short-Term Hy drostatic Loading. Nominal t/R; = 0.046;
Actual thickness of equator = 0.126 in., of apex = 0.!129 in.; Temperature =
0.68°F, Pressurization rate = 100 psi/minute.

Pressure (psi) 0 50 100 150 200 250
Displacement (inches) 0.0c0 0.004 0.007 0.009 0.011 0.013
Pressure (psi) 300 350 400 450 500 550
Displacement (inches) 0.018 0.021 0.023 0.024 0.026 0.030
Pressure (psi) 600 700 800 900 950 1000
Displacement (inches) 0.032 0.038 0.043 0.048 0.053 0.059

Table A.8. Displacement of Apex Measured on a Flanged Hemisphere of Variable Thick-
ness (#28) Under Short-Term Hydrostatic Loading. Nominal t/Ri =0.023;
Actual thickness of flange = 0.063 in., of apex = 0.050 in.; Temperature =
68°F; Pressurization rate = 100 psi/minute.

Pressure (psi) 0 10 20 30 40 50
‘Displacement (inches) 0.000 0.000 0.000 0.002 0.003 0.004
Pressure (psi) 60 70 80 90 100 103
Displacement (inches) 0.005 0.006 0.008 0.008 0.009 0.010

Table A.9. Displacement of Apex Measured on a Flanged Hemisphere of Variable Thick-
ness (#31) Under Short-Term Hydrostatic Loading. Nominal t/Ri =0.046;
Actual thickness of flange = 0.125 in., of apex = 0.092 in.; Temperature =
68°F; Pressurization rate = 100 psi/minute.

Pressure (psi) 0 50 100 150 200 250
Displacement (inches) 0.000 0.001 0.001 0.003 0.007 0.012
Pressure (psi) 300 350 400 450 500 550
Displacement (inches) 0.014 0.017 0.017 0.023 0.027 0.030
Pressure (psi) 600 650 700 750 800
Displacement (inches) 0.032 0.035 0.036 0.039 0.041
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Table A.10. Displacement of Apex Measured on a Flanged Hemisphere of Variable Thick-
ness (#33) Under Short-Term Hydrostatic Loading. Nominal t/Ri =0.091;
Actual thickness of flange = 0.253 in., of apex = 0.193 in.; Temperature =

62°F; Pressurization rate = 500 psi/minute.

N — . a

Pressure (psi) 0 50 150 250 350 450
Displacement (inches) 0.00 0.001 0.003 0.005 0.007 0.009
Pressure (psi) 550 650 750 850 950 1050
Displacement (inches) 0.012 0.018 0.022 0.028 0.030 0.033
Pressure (psi) 1150 1250 1350 1450 1550 1650
Displacement (inches) 0.038 0.042 0.046 ! 0.048 0.052 0.058
Pressure (psi) 1750 1850 1950 2050 2150 2250
Displacement (inches) 0.061 0.064 0.068 0.073 0.076 0.082
Pressure (psi) 2350 2450 2550 2650 2750 2850
Displacement (inches) 0.086 0.088 0.090 0.092 0.098 0.103
Pressure (psi) 2950 3000

Displacemert (inches) 0.108 0.115

Table A.11. Displacement of Apex Measured on a Flanged Hemisphere of Variable Thick-

ness (#37) Under Short-Term Hydrostatic Loading. Nominal t/ R;=0.182,
Actuai thickness of flange = 0.508 in.. of apex = 0.340 in.; Temperature =

62°F; Pressurization rate = 500 psi/minute.

Pressure (psi) 0 250 500 750 1000 1250
Displacement (inches) 0.000 0.008 0.012 0.017 0.021 0.027
Pressure (psi) 1500 1700 2000 2250 2500 2750
Displacement (inches) 0.031 0.034 0.039 0.043 0.048 0.057
Pressure (psi) 3000 3250 3500 3750 4000 4250
Displacement (inches) 0.060 0.066 0.072 0.076 0.086 0.093
Pressure (psi) 4500 4750 5000 5250 5500 5750
Displacement (inches) 0.103 0.112 0.118 0.136 0.162 0.222
Pressure (psi) 6000

Displacement (inches) 0.382




Table A.12. Displacement of Apex Measured on a Flanged Hemisphere of Variable Thick-
ness (#38) Under Short-Term Hydrostatic Loading. Nominal t/R; = 0.273,
Actual thickness of flange = 0.752 in., of apex = 0.240 in.; Temperature =
60°F; Pressurization rate = 600 psi/minute.

Pressure (psi) 0 500 1000 1500 2000 2500
Displacement (inches) 0.000 0.010 0.013 0.020 0.028 0.036
Pressure (psi) 3000 3500 4000 4500 5000 5500
Displacement (inches) 0.046 0.052 0.062 0.068 0.079 0.092
Pressure (psi) 6000 6500 7000 7500 8000 8500
Displacement (inches) ¢.101 0.114 0.135 0.156 0.183 0.238
Pressure (psi) 9000 9100

Displacement (inches) 0.328 0.623

EXPERIMENTAL STRAINS AND STRESSES

Several interesting observations can be made on the basis of experimentally gener-
ated strain data. It is understood that these observations are tentative, as only a single
window of each type was instrumented with three electrical-resistance strain rosettes.

Strains were fairly linear to the point of implosion for thin and very thin shells. In
thick shells the strains were nonlinear just prior to failure. indicating some yielding. Since
in many cases the magnitude of strains exceeded 20,000 microinches/inch, the readings of
electric-resistance gauges mounted on thick shells became quite erratic just before the fail-

ure of the shells. On thin shells the strains were, as rule, less than 20,000 microinches/inch:

thus, the gauges were able to function to the very moment of failure. For this reason, the

strain records of thin shells (figures A.5, A.6, A.7) can show whether elastic instability was
the cause of failure. It appears that this was the case (Note the reversal of strain curves on
figures A.5.B, C, D and figures A.6.B. C, D).

Stresses at the apex of the flanged and flangeless shells of constant thickness fall
between the maximum and minimum stresses values measured on these shells and thercfore
provide 3 representative stress value for a given t/ R, ratio. In*Tanged shells of constant
thickness (figures A.8.A, B. C, D, E), the highest stresses were, as rule, found 20 degrees
above the flange. In flanged shells of variable thickness, the highest stresses were, as rule.
found at the apex (figures A.9.A, B, C, D).

An interesting shift occurs in the orientation of principal maximum stress at the
flange as constant- and variable-thickness shells of different thicknesses are observed. In
very thin and thin shells (t/R; < 0.046), the maximum principal stress at the flange is along
the meridian: in medium thick and thick shells, the maximum principal stress at the flange
is in the hoop direction.
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Figure A.S.A. Strain on the Interior Surface at the Apex of a Flangeless Shell of Constant
Thickness (t/Ri = 0.046) Under Short-Term Hydrostatic Loading.
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INTRODUCTION

Since its introduction into the hydrospace field by Professor Auguste
Piccard, acrylic plastic has beccme the acknowledged standard material for
windows in submersibl.s, diving bells, and hyperbaric chambers. Several
shapes have been dev ::oped over the years for the acrylic windows.

The most common shape is the plane conical frustum. Its behavior
under hydrostatic loading has been extensively researched and its design
criteria weli-established [1-5]. A somewhat less common shape is a plane
circular disc [6,7]. 1Its application has been confined to pressures under
1,000 psi; as (or greater pressures, the retaining tlanges become too
bulky.

The spherical shell sector, whose included spherical angle can vary
from 30 -¢ 180 degrees, has been used only recently for undersea systems.
Considerabie effort has been devoted to understanding the characteristics
of this window because the spherical surfaces endow such windows with
increased field of vision and resistance to hydrostatic pressure {8,9].

In parallel with the research into structural and optical properties of
spherical shell sector windows, investigations have been conducted into
the problems associated with economical fabrication of large diameter
windows for the whole depth range [10,11,12].

Because spherical shell sector windows are not as easy to retain in
their flanges as plane conical frustum or rlane disc windows, considera-
tion has been given to equipping the spherical shell sector windows with
integral flanges [13,14]. Such flanges, however, generally introduce
bending moments and stress concentrations into the otherwise uniformly
stressed spherical window. To assess the effects of flanges on the stress
distribution in spherical windows an experimental study was undartaken;
the results of that study form the body of this report.

BACKGROUND ‘

Equatorizl flanges on spherical shell sector windows are sometimes
the byproduct of the fabrication process, while at other times they are
the planned result of engineering design. Tho fabrication processes
which produce equatorial flanges on acrylic hemispherical shells are
thermoforming techniques utilizing either compressed a.r or mechanical
plungers (Figure ). In either case, an equatorial flange is produced
whose thickness i3 equal to that of the acrylic sheet utilized in thermo-
forming.




After completion of the thermoforming process, the flanges can be
removed by machining so that the end product is a flangeless hemisphere
whose structural response hes Leen studied both analytically and experi-
mentally in the past. The removal of the flange by machining is, however,
an expensive operation that increases the cost of the end product approxi-
mately 100%. The thermoforming fabrication techniques for acrylic hemi-
spherical shells would be more economically competitive if an equatorial

flange could be tolerated from the structural viewpoint.

Furthermore, an equatorial flange on the acrylic hemisphere can

often be used in securing the window to its seat in the viewport.

This

is of particular importance if the window is exposed during a typical
operational cycle not only to external but also to internal pressure.
Also, the flange can serve as a convenient location for the pressure
seal. Since exploratory studies conducted in the past [13 and 14] have
shown that an equatorial flange does not decrease significantly the
short-term strength of acrylic plastic hemispherical shells, it appeared
worthwhile to investigate further the concept of flanged hemispherical

windows.

The flanged hemispherical shell windows tested in the first explora-

tory study utilized flanges with a sharp right-angle heel [14].

The

sharp heel was chosen at that time as it was shown by another study [13]
that a well-rounded heel on the flange may generate excessive bending
moments in the shell accompanied by a high positive flexural stress
component on the interinr and a high negative flexural stress component
on the exterior surfaces in the immediate vicinity of the flange-shell
interface., It was felt that further studies on flanged acrylic hemi-
sphevical shells should include a curvature at the heel and the instep of
the flange to simulate better the appearance of typical flanged hemi-

spheres produced by thermoforming processes.

STUDY PARAMETERS

The objective of tne study was to establish the safe operational
pressure for typical flanged hemispherical shells of acrylic plastic

utilized in pressure vessels for human occupancy.

The approach chosen was to fabricate and test representative flanged
acrylic plastic hemispherical shells under short-term, long-term, and

cyclic pressure loadings until signs of failure appeared.

The scope of the study was limited to a single thickness over inside
diameter (t/D.) ratio and two flange configurations (Figures 2 and 3).

The t/D, ratid chosen was 0.182, equal to a t/Ri ratio of 0.364.

This

ratio was considered to be adequate for working pressures in the 1,000-
to 2,000-psi range based on the short-term collapse data from a previous

study on flangeless acrylic plastic hemispherical shells.




TEST SPECIMENS

The flanged test specimens of acrylic plastic hemisphere were fabri-
cated by thermoforming 3-inch-thick Plexiglas G stock. The thermoforming
process consisted of forcing an appropriately shaped metallic plunger into
the acrylic stock supported by a metal ring on four legs (Figures 4 and 5).
The wall thickness of the extrusion was found to be more uniform than in
hemispheres thermoformed by free blowing with compressed air [13]. The
hemispherical extrusion was subsequently machined on the outside and
inside to give the shell appropriate thickness, in and around the flange
particularly.

Since the thermoforming process produced flanges that could be
economically modified to another shape, if so desired, the test specimens
were equipped with either a Type I or a Type VI flange (Figures 2 and 3).
Twenty-four flanged windows were fabricated; 10 were equipped with
Type I and 14 with Type VI flanges. Each window was identified by a
capital letter.

The Plexiglass G material utilized in the thermoforming process met
all the minimum physical requirements specified for man-rated windows
by the Navy and the American Society of Mechanical Engineers [15].

TEST SETUP
Flanges

The flanged windows were tested on thick circular discs machined
from low carbon steel (Figure 6). The steel test flanges were equipped
with a central opening through which strain gage wires could be passed
from inside the window. Holes around the circumference of the steel
test flange were used for attaching the test flange to the vessel end
closure adaptor plate and for securing the window to the flange. A
smooth surface was provided on the steel test flange to minimize slid-
ing friction between the contracting window and the test flange.

Pressure Vessels

For the testing of flanged windows both the 18- and 9.5-inch-
diameter pressure vessels were utilized. The window was secured with
a retainer ring or rubber bands to a steel test flange which, in turn,
was attached to a pressure vessel closure adaptor that screwed directly
into the vessel end closure. Since the steel test flange, vessel
closure adaptor, and vessel end closure were equipped with a central
opening, electric strain gage wires and a mechanical dial indicator rod
could pass from the window interior to the vessel exterior,.

Some of the vessels were provided with insulated jackets containing
heating and cooling coils, In these vessels the temperature could be
maintained within narrow limits. 1In other vessels the temperature of




the pressurized water could be maintained only within a wide range as
the uninsulated vessels would rapidly follow the diurnal temperature
variations inside the uninsulated laboratory building. As a result, the
ambient test temperature in these vessels during the pressure testing

of w1ndows over a period of 24 months varied from a low of 65°F to a
high of 75°F.

Instrumentation

The instrumentation for the pressure vessel consisted of a Bourdon
type pressure gage and a remote reading thermometer. The pressure gage
could be read within 50-psi intervals and the thermometer within 1°F.

The instrumentation for the acrylic plastic window undergoing
hydrostatic testing consisted of rectangular 1/8 inch long* electrical
resistance strain gage rosettes located on the interior face of the
windows and a mechanical dial indicator measuring the radial displace-
ment of the window's apex within 0.001 inch. The strain gages were
attached to the acrylic at specific locations (Figure 7) with M-Bond 200
cement and subsequently waterproofed with Dow Corning 3140 room tempera-
ture vulcanizing silicone rubber coating.

The strains were recorded by a 100-channel B & F automatic data
logger with magnetic tape data storage and digital paper tape printout.
This recording unit was capable of recording at a rate of either 1 or 10
channels per second. As a rule, the l0-channel/second recording rate
was utilized during pressurization and the l-channel/second rate during
sustained loading of window specimens.

Test Procedure

The bearing surface of the window flange was coated with silicone
grease, a 1/8-inch-diameter O-ring was placed into the groove in the
window flange, and the whole assembly was carefully placed on the steel
test flange. Strain gage wires were fed through the opening in the
steel test flange to the outside of the vessel end closure, and the dial
indicator rod was centered on the window's low-pressure face.

To secure the window to the steel test flange, either steel retaining
rings or elastic bands were employed. The steel rings were primarily
utilized in the 18-inch-diameter pressure vessel (Figure 8) while the
elastic bands were used to secure the windows to the steel test flange
in the 9.f-inch diameter pressure vessel (Figure 9). 1In both cases,
the radial restraint imposed on the window flange was minimal, only
sufficient to compress the O-ring for proper sealing.

After the window was secured to the steel test flange, the interior
of the pressure vessel was pressurized with tap water at a 650-psi/minute
rate utilizing a positive displacement air-driven pump.

"Micro-Measurements gages type EP-08-125RA-120.
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TEST PROGRAM

The experimental test program was designed to establish the maximum
safe working pressures for the two types of flanged windows. On the
basis of experimental data, the two types of windows could be compared
to each other and to windows of the same geometry without a flange. The
maximum safe working pressure was to be established by subjecting the
windows of Type I and VI to a series of tests that would:

(1) Determine short-term critical-pressure (STCP) by pressurizing
windows at a standard rate of 650 psi/minute until failure occurred.

(2) Determine long-term critical pressure by maintaining a constant
sustained pressure loading until failure occurred.

(3) Determine cyclic fatigue life by subjecting the windows to
cyclic pressure loading until failure occurred. The pressure cycles
employed in the test program consisted of (a) pressurizing the window
at 650 psi/minute to a specified pressure, (b) holding that pressure for
7 hours, (c) depressurizing to zero pressure at a rate of 650 psi/minute,
and finally (d) relaxing at zero pressure for at least 17 hours before
the next cycle was started. This cycle is termed for the purposes of
this report the "standard load cycle."

Since there were mcre tests planned than the available number of
windows, some windows had to be used in more than one test. Two windows
were modified after testing to establish the effect of structural
modification to the flange. 1In one case the rounded heel of the flange
on Type I window E was replaced with a square heel to become(:)while in
the other case, the flange was removed completely, converting the Type I
window I into a true hemisphere(). All of the tests to which the win-
dows were subjected have been summarized in Tables 1 through 5.

TEST OBSERVATIONS
Short-Term Critical Pressure Tests

Pressure. Five windows were subjected to continuous pressurization
at the standard rate of 650 psi/minute until they failed (Table 1) (win-
dows Y and Z had been tested previouslv). 'indow Y had endured long-
term hydrostatic testing at 2,000-psi pre: e without any visual damage.
Window Z had been pressure-cycled twice to 8,00C psi with a rubber gasket
and had suffered some crazing and a few slight cracks in the seating
surface. The two Type I windows tested had an average short term
critical pressure of 14,310 psi while the three Type VI windows had an
average critical pressure of 14,70C psi.

Modes of Failure. All the windows that failed did so catastrophic-

ally after cracking sounds had bzen heard for a short time. Extensive
fragmentation took place irn ail these cases.




Table 1. Short-Term Critical Pressure Tests

- Test Location of Short-Term
Window Tangc Temperature Strain Gages Displacement Critical Pressure Principal Results
ype (°F) (Figure 7) (psi)
1 a - yes 14,000 Catastrophic failure
B i a - - 14,620 Catastrophic failure
I a A,CE - - Test stopped at
12,500 psi and de-
pressurized to zero
S Vi a A,CE - 14,530 Cartastrophic failure
vb Vi 71 - - 14,325 Catastrophic failure;
bottom plug blowout
of pressure vessel at
the same time the
window failed
yad VI 70 - - 15,225 Caztastrophic failure

4 Room temperature not specifically recorded,

bwindow was previously tested at 2,000 psi (see Table 3).

€ Window was previously tested at 8,000 psi with 2 gasket (sec Table 4).

Table 2. Long-Term Critical Pressure Tests

Flange Average Test Test Loca.ion of
Window T i Pressure Temperature Strain Gages Principal Results
e (psi) (©F) (Figure 7)
D I 9.670 a A,C.E Catastrophic failure
after 22 hours
J 1 10,000 75 A CEG,I Catastrophic failure
after 3 hours
H 1 7.675 45-75 A,C.E Catastrophic failure
after 153 hours
(o] Vi 9,700 a A, C, gb Catastrophic failure
after 14 hours
p Vi 10,000 a A EP Catastrophic failure
after 6 hours
v Vi 2¢11,800 a A,C, E€ Catastrophic failure
after 42 hours
T \%! 229,850 a A.C.E€ Catastrophic faillure
after 100 hours
rRY Vi 212,000 71-73 - Catastrophic failure
after 0.5 hour

4Room temperature not specifically recorded.

Gages functioned properly.
€Gages failed prematurely.

Window was previously tested at 4,000 psi for 262 hours (see Table 3).
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Table 3. Long Term Tests Without Implosion
I Average Test Test Location of Duration
Window Flange Pressure Temperature | Strain Gages | Displacement | of Loading Principal Results
. Type (psi) (°F) (Figure 7) (hours)

E I 4,000 a ACE - 240 Some circumferenual
cracks in the beaning
surface on the flange

1 i 2,000 75-76 A,B,C, - 269 No cracks or crazing

D,E, F, detectable by visual
. G,H,1 inspection

Q Vi 7.000 a A,C E - 139 Extensive crazing and
large circumferennal
cracks in scat; one
crack penetrating to
outside

y R A% 4,000 a A.CE - 262 Some crazing and
shallow cracks in seat

U A% 8.000 a - - 312 Window flange sheared
off; numerous cracks
and extensive crazing
of scating surface: seat
conical

Kl
Y Vi 2.000 71-73 A,B,C, - 119 No cracks or crazing
D.E,F, detectable by visual
G.H, I inspection
Y Vi 2,000 72 A.B.C, - 7 No cracks or crazing
D,E, F, detectable by visual
G,.H,! inspection
w Vi 2,000 71-73 - yes 95 No cracks or crazing
5 detectable by visuai
inspection
4 Room temperature not specifically recorded.
Rubber gasket used instead of O-ring, window previously tested to 2,000 ps1 without gasket.
L Deformation Under Short-Term Loading. At the standard rate of
pressurization of 650 psi/minute, the compressive strain recorded by
the strain gages increased in direct proportion to the pressure up to
about 4,000 psi (Figure 10). Above this pressure the strain began to
increase more rapidly, thus indicating the nonlinearity of stress versus
strain.
| & The strain produced in the window in the linear range varied accord-
ing to direction and location of the strain gages. At the apex, the
strain was approximately the same in all directions with little change
in magnitude from one point to another (Figures 11, 12, and 13). Moving
away from the polar area, the circumferential strain increased by an
average of 227 for the Type I windows and by an average of 147 for the

Type V7 windows (Figure 11), and at the same time, the meridional
strains fell off sharply to small values (Figure 12).




Table 4. Cyclic Tests

Window

Flange
Type

Test
Pressure

(psi)

Test
Temperature
(°F)

Location of
Strain Gages
(Figure 7)

Number of
Pressure Cycles

Principal Results

lﬂ

BB

AA

Vi

vi

vi

Vi

2,000

10,000

8,000

6,000

8.000

8,000

6,000

5.000

70-75

75

69-72

66-73

68-72

70-72

66-73

68-73

. C,
e, F,
I

0o»
IEE

oO»

.C,E,
1

58

22

22

40

-

Cracking in window-
bearing surface developed
between cycle No. 33
and last cycle

Window failed catastro-
phically after about 3
hours of first pressure
cycle

Window failed during
first cycle by cracking
along flange, causing
leakage when pressure
was released

Window developed cracks
during second cycle;
leaked after twenty-second
cycle

Small cracks and crazing
of bearing surfacc after
first cycle; window leaked
after sccond cycle

Some crazing and three
very shallow cracks in
bearing surface after
second cycle

Crack along O-ring groove
after third cycle; cracks
and crazing in bearing
surface after fifth cycle

Crazing of bearing surface
devcloped between second
and sixth cycles; cracks

in bearing surface develo-
ped between twenty-sccond
and twenty-seventh cycles

“This window was previously tested under sustained loading at 2,000 psi (see Table 3).
ba vindow was pressurized to failure under short-term loading (sce Table 1).

The circumferential strain varied only moderately from test to test,
the maximum deviation from the average of any test being only about 6%
for the Type I windows and about 10% for the Type VI windows (Figure

11).

For the strain in the meridional direction,
spread in the data for the polar area.

there was a similar
Closer to the edge, however,

the meridional strain varied markedly from test to test and at gage

L}
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Table 5. Cyclic Tests of Modified Windows

machining

Test Location of
Window Modification Test Temperature Strain Gages Principal Results
(°F) (Figure 7)

@" O-ring groove and 11 pressure 68-72 A.CE Some change in strain
rounded heel re- cycles at distribution compared
moved by machin- 2,000 psi to windows with rounded
ing. Disc glucd on hecl: 10 cycles performed
to restore original with ncoprene bearing
dimensions, but gasket and 1 cycle with-
with a sharp heel out
on the flange

@“ O-ring groove and 1 cycle at 70-74 A.CE Window bearing surface
rounded seat cor- 8,000 psi almost unharmed. Win-
ner removed by dow cracked radially
machining. Disc
glued on to restore
original dimensions
but with a sharp
heel on the flange

@b Flange and cylindri- | 7 cycles at 68-72 A.CE The strains are more unj-
cal part removed by | 2,000 psi form all over the interior
machining surface of the window

@b Flange and cylindri- | 2 cycles at 70-75 A.C,E No cracks observed on
cal part removed by | 8,000 psi the bearing surface or

anywhere clse on the
window

4Window was tested for 240 hours at 4,000 pst prior to modification (see Table 3).
Window was tested for 269 hours at 2,000 psi prior to modification (sce Table 3).

A (Figure 12) the results were almost erratic,
Type VI windows.

gated.

particularly for the
The cause of this large spread has not been investi-

At hydrostatic pressures in excess of 4,000 psi, the nonuni-
form character of the strain over the window surface was exaggerated

(Figure 14), and the strains were hi
olation of the strains at low pressure.

gher than predicted by linear extrap-
Thus, at ]10,000-psi external

pressure, the nonlinear part was between one-third and one-half of
the linear strain, depending on location (Figure 15).

Displacement of Apex.

In one case, the displacement of the windows
at the apex towards the center of the sphere was measured.
was a Type VI window (window W).

The specimen

After an initial phase where the

window seated itself, the displacement was linear with pressure up to
the test pressure of 2,000 psi.
pressure divided by che internal radius of the spherical part of the
window was 3.5 x 10'6/psi (Figure 16),

The displacement per unit change of




Long~Term Tests

Tests Resulting in Implosion. Five Type VI windows and three Type
I windows were pressurized at the standard rate of 650 psi/minute up
to the test pressure. The test pressure was maintained constant until
failure occurred.

The life of the windows loaded this way varied inversely with the
test pressure. The relationship between the 1ife and the test pressure
was nonlinear with a very rapid fall off in life above approximately
8,000 psi (Figure 17). The spread in the data was very large compared
to the spread in the magnitude of short-term critical pressures,
indicating that long-term test parameters, like temperature, were not
maintained within a sufficiently narrow range to preciude large spread
in test data.

In all cases of failure under long-term loading, the failure was
catastrophic, resulting in heavy fragmentation of the windows (Figures
18 through 26). Typically, the force of implosion blew a hole in the
window dome producing grain size fragments of the blown-out material.
The rest of the dome stayed relatively intzct, although it was always
fractured radially into several pieces (Figure 21). 1In addition to the
radial fractures, a large number of in-plare fractures occurred. The
number of in-plane fractures increased toward the interior surface ¢f
the window. The outer 1/4 inch or so of the wall was usually not lamin-
ated (Figure 24).

After implosion, the flanges were found to be separated from the
main body of the windows. 1In Type I windows, the separaticn was all
around the flange (Figures 18 and 19), while in the Type VI windows
the separation was partial (Figures 20 and 21). The flange separated
from the dome generally before implosion occurred, as demonstrated by
window U whose long-term loading was terminated prior to implosion
(Figures 22 and 23).

The window flange bearing surfaces fractured during the tests in
the circumferential direction (Figure 25). The heel (inside edge) of
the flange was permanently deformed, resulting in the formation of a
sharp edge that contrasted sharply with the original well-rounded-heel
geometry (Figure 25). The deformed fragments also showed that the
thickness of the wall above the flange permanently increased by about

25% of the original thickness (window J). A similar increase was observed

in the width of the flange measured between the inside edge of the heel
and tiie O-ring groove. The height of the flange, however, was unchanged
(Figure 25). These observations were further confirmed by a study of
the fragments of window H (Figure 26).

Tests Terminated Prior to Implosion. Two Type I and five Type VI
windows were subjected to long-term tests of varying length and at
different pressures (Table 3).

At 2,000 psi, no visible damage was caused during the 269 hours of
loading on window 1 at 75°F.  The window strains relaxed completely
after the test (Figure 27).
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At 4,000 psi, some crazing and shallow cracks were observed in the
seat of window R when inspected after 262 hours (Figure 28). Also, this
window relaxed completely after the test. All strain gage readings were
within 100 pin./in. of the reading before the test after a relaxation
time of about 100 hours. The bearing surface on the flange, however,
had some permanent deformation, producing a slight conical shaped surface
similar to that shown in Figure 22,

At 7,000 psi, window Q suffered extensive crazing and several large
cracks at the seat during the 439-hour test (Figures 29 and 30). In this
window, the strain in the polar area averaged 0.056/in./in. at the end
of the creep period. But even so, after about 100 hours of relaxation,
the strain in this area was within 0.001 in./in. of the reading before
the test. Significant permanent deformation was observed in the bear-
ing surface of the flange, transforming it from a plane to a conical
surface.

At 8,000 psi, window U lasted 312 hours without imploding; the
window was, however, severely damaged. The flange had separated and
the bearing surface was deformed into a conical surface which had sever-
al large cracks in it (Figures 22 and 23).

In those tests where the pressure was kept constant for a long
period of time, the strain on the interior surface did not become ten-
sile at the end of the relaxation period.

Deformation Under Long-Term Loading. At 10,000 psi (70% of STCP)
of external pressure, the strain increased very rapidly after pressuri-
zation was completed. The increase was largest in the window areas that
already had the largest strains. Thus, the unevennesses of the window
deformation already apparent after pressurization became more pronounced
with time (Figure 31). As evident from the end result, the rate of
deformation at 10,000 psi was so high that after a few hours the window
became so plastically deformed that it could no longer sustain the load
(window J).

At 8,000 psi (56% of STCP) and lower pressures, the strains still
increased rapidly immediately after the end of pressurization. The
strain rate slowed down sufficiently, however, after the tirst 2 to 3
hours to give the window extended life. At 7,000 psi (497 of STCP),
window Q did not fail catastrophically during the 139 hours the pressure
was maintained. At 8,000 psi, the unevenness of the window deformation
became greater with time (Figure 32), just as for the window tested at
10,000 psi (Figure 31). At lower pressures, this tendency became less
pronounced and at 2,000 psi was hardly noticeable (Figure 33).

At moderate strain levels, the deformation of the windows appeared
to be quite symmetrical. This was evident from the measurements on
windows I, Y, and J, which had strain gages on both sides (Figure 13,
31, and 33). In these cases, all three gages of the rectangular
strain gage rosette at the apex indicated essentially the same strain
values. As the strains increased in magnitude, however, the differences
in the readings of the three gages at the apex often became greater.
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This occurrence may be the result of the window starting to lose its
sphericity. In the case of window J (tested at 10,000 psi) the distri-
bution of circumferential strain appeared to be symmetrical at the end
of pressurization. During the first hour under pressure, however, the
strain increased much faster on one side than on the other indicating
that the window was losing its spherical shape (Figure 31).

Taking into account the scatter in data, no significant difference
was observed in the time—~dependent deformation of the two types of win-
dows (Figure 34). In both cases, the location on the window that had
the highest strains at the end of pressurization also had the highest
strain throughout the creep period. In both cases, the strain distri-
bution became more uneven as time went on (Figures 32 and 35).

The strain in the window after any given duration of sustained load
was found to be a nonlinear function of the load. Thus, after 1 hour at
4,000 psi, the strain at the apex of the window was approximately 2.1
times the strain after 1 hour at 2,000 psi. After 1 hour at 10,000 psi,
the strain at the apex was 10 times the strain after 1 hour at 2,000 psi
(Figure 36). This clearly demonstrates that acrylic material becomes
more compliant as temperature or stress is increased. If the additional
strain due to creep alone is plotted, the nonlinear behavior becomes
even more apparent (Figure 37).

As noted before, long-term loading at pressures high enough to
cause catastrophic failure, also caused permanent tensile radial strain
in the dome. By measuring the thickness of fragments of the dome of the
imploded windows, the average permanent radial strain was found to vary
from about 25% (0.25 in./in.) above the flange to about 12.5% halfway
between the flange and the apex (windows J and H) (Figure 38).

Cyclic Pressure Tests

Fatigue Life. 1t was immediately realized after initiation of cyc-
lic pressure testing that the fatigue life of the windows would be lower
than expected.

At 10,000 psi, which is approximately 70% of STCP, the test specimen
(window J) did not complete the first cycle. The window failed catastro-
phically after about 3 hours.

At 8,000 psi (567% STCP) the Type I (window K) cracked during the
first cycle to the extent that when the pressure approached zero at
the end of the cycle, water filled up the low pressure cavity. The
Type VI window that was tested at 8,000 psi (window BB) developed
similar cracks and leakage during its second cycle.

At 6,000 psi (427% of STCP) the Type I window (window M) cracked
catastrophically during its twenty-second load cycle. The Type VI win-
dow (window AA) tested at the same pressure was still intact after 22
load cycles, but had deep cracks in the seat area.

At 5,000 psi (35% of STCP) crazing of the seat was apparent when
the Type VI window (window X) was inspected after the sixth pressure
cycle. Cracks developed in the seat between cycle 22 and 27, but no
leaks occurred before the test was terminated after the fortieth cycle.
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At 2,000 psi (147% of STCP) the Type I window (window I) did not
show any change after 33 pressure cycles. When the window was inspected
again after the fifty-eighth cycle, however, a deep crack was found in
the flange starting from the O-ring groove.

Modes of Failure. 1In all cases, cracks initiating from the bearing
surface on the flange were the cause of failure. 1In some cases (windows
AA, Figures 39, 40, and 41; and I, Figure 42), the first sign of fatigue
was a crack originating from the O-ring groove. The cracks had a charac-
teristic half-moon shape when viewed from the side and appeared to be
approximately parallel to the low-pressure face of the window as shown
in Figure 43.

In all the other cases, the cracks originated at the bearing surface
of the flange between the heel and the O-ring groove and were always
preceded by crazing. The crazing, as well as the subsequent cracks, had
the same orientation as the cracks originating from the O-ring groove
(Figures 39 to 46). The cracks not originating in the O-ring groove had
the characteristic mushroom shape instead (Figures 39, 40, 41, 47, and 48).

Cracking of the interior face occurred in two Type I windows
(windows M and(:». In window M, the failure occurred after 22 standard
load cycles to 6,000 psi and consisted of three fractures running in the
meridional direction originating on the bearing surface of the window.
One of the cracks ran like a meridian across the apex from one side of
the window to another, while two other cracks stopped at the apex
(Figure 49). The cracks penetrated between 25 and 507 of the wall thick-
ness. On the inside face of the window, the width of the cracks varied
from close to zero at the apex to about 0.040 inch at the flange. The
entire inside surface was markedly crazed after the test but less than
on the bearing surface (Figure 50).

Window(:)failure occurred after one cycle at 8,000 psi. The window
had previously been subjected to 11 standard load cycles at 2,000 psi
and a long~term test at 4,000 psi for 259 hours. After the long-term
test, but before the cyclic tests, the seat of the window was machined
down to remove the rounded inside edge of the heel and the O-ring
groove. An annular disc was bonded in its place to restore the original
height of the flange. When the pressure was down to about 500 psi
during depressurization from 8,000 psi at the standard rate, three or
four loud cracks were heard and the window's interior filled with water.

Inspection of the window(:)revealed that spalling had taken place
on the square edge of the heel, that crazing and a number of shallow
half moon cracks had formed in the bearing surface of the flange, and
that the interior face of the window had three large cracks as shown in
Figures 51, 52, and 53.

Low-pressure leaks developed in four cases. In two of these (win-
dows BB and K, both tested at 8,000 psi) the leak was due to the circum-
ferential cracks propagating through the flange to the exterior face of
the windows (Figure 54 and 55). In the third case (window M, tested
at 6,000 psi), the usual circumferential cracks occurred after the
second cycle, but the window did not develop a leak until it cracked on
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the interior face after 22 load cycles as noted above (Figure 49). 1In
the fourth case (window(E) tested at 8,000 psi), a leak occurred after
the first cycle.

Deformation. Deformation of the windows was measured with electrical
strain gages located on the low-pressure face (Figure 7). 1In three
tests (windows I, M, and X), where such measurements were performed, it
was found that temsile strains were building up on the internal face at
the end of each relaxation period; i.e., the strain datum value prior
to each load cycle was increasing in the positive sense. The tensile
strains had a distribution over the face of the window similar to the
distribution of maximum compressive strains at the end of each load cycle
(Figures 56 and 57). In the case of window M, this buildup of temsion
on the inside surface caused the failure of the window — apparent from
the radial cracks that developed during the twenty-second load cycle
(Figure 49). After several days of relaxation, the cracks in window M
were actually widening as time went on indicating that the interior face
was contracting.

The rate of buildup of the tensile strains on the window's interior
face increased dramatically with magnitude of pressure loading during
a typical pressure cvcle. During pressure cycling to 2,000 psi (win-
dow I) the increase in tensile strain during the relaxation period
averaged about 45 uin./in./load cycles performed (Figure 58). During
pressure cvcling to 5,000 psi (window X) the same level of tensile
strain was reached in 3 cycles that it previously took 40 cycles to
reach during the cvcling to 2,000 psi. Also, at 5,000 psi, the increase
in tensile strain per cvcle was no longer linear anc increasing rapidly
(Figure 59). At 6,000 psi, the tensile strain built up even more rapidly
(Figure 60). The data were somewhat scattered, but it was apparent
that the buildup rate was more than twice that observed during the
pressure cvcling to 5,000 psi.

The specimen tested at 5,000 psi (window X) had only ore strain
gage rosette (at the apex) so that no information was obtained about
the buildup of tensile strain at other locations. Window M, which was
tested at 6,000 psi, however, had rosettes also at locations A and C
in addition to one at the pole. This test confirmed the results from
the test on window I at 2,000 psi, i.e., that the strain builds up even
faster closer to the window flange than at the apex. The data from
pressure cycling to 5,000 psi (window M) show appreciable scatter from
cycle to cycle. It is not known why this occurred but a contributing
cause may have been that in some cases the pressure vessel was closed
off during the relaxation period instead of being connected to the
constant header tank. If the vessel was closed off, the expansion of
the window would cause some buildup of pressure in the vessel which
would tend to counteract the relaxzation. Unfortunately, no record was
kept of the times that this was done.

For window I the cycling at 2,000 psi did not lead to changes in
the maximum strain produced during each separate load cycle; i.e.,
the strain recorded at the end of the creep period minus the recording
just prior to pressurization was very close to the same for all cycles
(Figure 56 and 57).
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The samc behavior was observed also for window M cycled at 6,000
psi (Figure 50) and window X cycled at 5,000 psi. The total change
of strain zt tlhe pole of window M was about 0.030 in./in. with a +wn~
dom variation of less than 2% up and down. The total change of ¢ rain
at the pole of window X was about 0.024 in./in. and, again, the variation
was less than *27.

Modifications of Seating Arrangement

After must of the test program was completed but during the initial
stages of the cyclic tests, it became apparent that the cyclic life of
the Type I and Type VI windows would be substantially less than antici-~
pated., Compared to conical frustum windows with the same STCP, the cyclic
fatigue life of Type I and Type VI windows was significantly less.
Cyclic fatigue primarily consisted of circumferential cracks in the
bearing surface of the flange and secondarily of radial cracks in the
low-pressure face of the windoew. To improve the fatigue life of the
bearirg surface on the flange, it was decided to try the following
modifications:

(1) Remove O-ring and use a thin neoprene bearing , isket to seal
and absourb shear strain.

(2) Remove O-ring groove and replace the rounded heel of the flange
with a square heel.

(3) Remove flange and cylindrical part of window.
Only a very limited number of tests were perfor.ied on each modification.

Effect of Neoprene Bearing Gasket. To reduce the shearing force on
the acrylic plastic in contact with the steel surface, a soft neoprene
gasket of 0.020-inch thickness was bonded to the bearing surface on the
window flange. The gasket consisted of nylon cloth coated with neopren:.
The O-ring used previously for sealing was removed from the groove in
the window flange, ard the gasket was placed over the whole bearing
surfac on the flange. Before assembly, silicone grease was applied to
the steel bulkhead as in the earlier tests.

Two tests were carried out with this arrangement. The first was
Type I window Z, subjected to two standard pressure cycles at 8,000 psi.
The effect was very marked. The acrylin plastic bearing surface pro-
tected by the neoprene gasket was only slightly damazed. The damage
consisied of minor crazing of the bearing surface, reflecting the
pattern ‘f the weave in the gasket iy lus three very shallow cracks
(Figures 61 and 62). In contrast, the two windows tested at 8,000 psi
without the gaske- (windows K and BB) suffered through-.he-thickness
cracks after twn cycles. The crazing and small cracks in the seat of
window Z almost disappeered aftrr the window had relaxed for 14 days
after the test (Figure 63) in atmospheric environment.

On the other hand, the deformation of the window having the neoprene
gasket was not significantly changed coumpared to the deformation of
windows seated directly on steel. 1In the linear range (up to approxi-
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mately 4,000 psi) the strains recorded were all within the range of
earlier tests. (Compare Figure 64 to Figure 12.) This also applied to
the strains recorded at pressures above 4,000 psi and during the creep
periods. (Compare Figure 64 to Figure 34.)

The gasket was cut during the vessel cycling to 8,000 psi. Two
cuts were found in the circumferential direction at the inside corner
of the window seat. The cuts were about 3 inches long and located
diametrically opposite each other (Figure 65).

The second window tested with the neoprene gasket was Type VI
(window Y). This window had previously been tested for 119 hours at
2,000 psi (Table 3). A neoprene gasket was cut radially at four loca-
tions about halfway through to enable its being slipped over the window
without having to disconnect the strain gage wires. This time the
neoprene gasket was not bonded to the window flange, but was coated
with silicone grease on both sides. The window was tested at 2,000 psi
for 7 hours, and strains were recorded both during the pressurization
and the creep period. As in window Z, the strains in the window were
not significantly changed by the presence of the gasket (Figure 66).

Effect of Rounded Flange Heel. Window E was machined down about 1/4
inch to re2move the rounded heel and the O-ring groove. An annular
acryili. plastic disc was bonded in its place to restore the original
height to the flange, as shown in Figure 67. Finally, the window was
annealed at 170°F for 24 hours.

The modified window(:)was subjected to 10 standard pressure cycles
at 2,000 psi while mounted on the neoprene gasket and one standard load
cycle at 2,000 psi without the gasket sealing but with silicone grease.
Finally, window(:)was tested at room temperature for 7 hours at 8,000
psi, again with no gasket. The intentions of the tests were to determine
whether or not the modifications had changed (1) strain distribution on
the interior face of the window, (2) buildup of tensile strain on the
interior face of the window after relaxation, and (3) the tendency for
the bearing surface to crack under high loading.

The change in strain distribution without a gasket as measured
after 7 hours at 2,000 psi was quite marked near the heel of the window
while the strain at the apex was changed very little (Figure 68). As
expected, the distribution of meridional strain became more uniform.

The 10 cycles with a gasket seal produced a styady buildup of
tensile strain in the interior face of the dome (Figure 69). The rate
of buildup was similar to that measured earlier in Type I window I
tested at 2,000 psi without gasket (Figure 58).

In the final test consisting of one standard cycle at 8,000 psi,
no gasket was used. The window performed normally until the pressure
reached about 500 psi during depressurization at the end of the load
period. At that time several load cracks were heard. On inspection
afterwards, it was seen that:

(1) the seat was in good condition with only moderate crazing and
some small circumferential half-moon cracks less than 1/16 inch deep. No
spalling had taken place on the sharp flange heel (Figure 70).
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(2) The window had cracked radially ir the meridional direction
on the inside of the dome (Figure 51).

It may be concluded that a square inside seat edge improves the
life of the window seat, while the effect on the tendency for the dome
to crack is probably small or absent.

Effect of Flange Removal. Window I was machined down so that the
entire flange was removed as shown in Figures 71 and 72.

The modified(:)window was then cycled four times to 2,000 psi. The
first and the fourth cycle consisted of 23 hours under pressure followed
by at least 17 hours of relaxation. 1In the second and third cycles, the
pressure was held for 7 hours. At the end of the 23-hour load period of
the fourth loading, the pressure was raised to 8,000 psi and held at that
level for 6-1/2 hours. After 17 hours of relaxation, window(:)was finally
pressurized once more to 8,000 psi for 7 hours. At 2,000 psi, the win-
dow deformed uniformly over most of the dome. At the edge, the meridional
strain increased somewhat compared to the level at the apex. The circum-
ferential strain at the edge was slightly lower than at the apex
(Figure 73). This distribution is quite different from the distribution
in typical Type I flanged window.

After the two cycles to 8,000 psi, window(:)was removed from the
vessel for inspection. The findings were: (1) the seat was still in
good condition — no cracks and only very slight crazing (Figures 74 and 75),
and (2) the plane seat was permanently deformed (Figure 76) to form a
conical surface similar to that observed in flanged windows (Figure 22).

The test was too short to give firm data on any buildup of tensile
strain on the interior face.

DISLUSSION OF FINDINGS

Short-Term Critical Pressure (STCP)

Findings.

(1) The average STCP of Type I windows at 70°F was 14,310 psi while
the average STCP of Type VI windows at 70°F was 14,700 psi. The differ-
ence between the two values is statistically insignificant, and the
average of all short-term window tests (that is, 14,500 psi) is consid-~
ered to be the STCP for both types of windows.

(2) The failure of the windows on reaching the STCP was catastro-
phic. The window failed by plastic instability of an area on the window
located between the flange and the apex. The implosion caused complete
fragmentation of the window. The formation of the flat spots on the
windows (typical of plastic instability failure) was reflected in the
strain distribution on the interior face of the windows. Whereas the
strain distribution was symmetric about the apex at lower hydrostatic
loadings, the distribution became unsymmetric prior to catastrophic
failure,
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(3) The flange of the windows sheared from the dome before or during
catastrophic failure at STCP.

Discussion. Short-term critical pressure tests of hemispherical 4
windows were reported previously for flange..ss (Reference 8) and flanged
(Reference 1l4) configurations. Compared to the predicted STCP based on
previously published data for flangeless hemispherical windows, the i
STCP of the present windows is about 5% lower. A reduction of the STCP
of flanged windows when compared to flangeless windows in the higher
t/R{ range has been previously reported (Reference 14). This indicates S
that, for t/Ry > 0.25, flanged windows may have a lower STCP than similar
windows without a flange (Figure 77). Since the comparison is based on
tests carried out at different times on windows of different manufacture,
firm conclusions on this point cannot be drawn. The reason for the
seemingly lower STCP of flanged windows as compared to flangeless win-
dows is probably the increase in meridional edge bending moment caused
by the rounded heel of the equatorial flange.

It has been shown previously that thick-wall spherical windows fail
catastrophically by plastic instability of the dome (References 8 and 14).
The windows witl. thinner walls fail by elastic buckling, and the transi-
tion between the two modes of failure is found to be at t/R; ratios of
approximately 0.09. The present tests confirm that at t/Ry = 0.364, the
failure is caused by plastic instability of the dome.

It can also be shown theoretically that a thick-wall spherical
window attains complete plasticity through its wall thickness before
it fails. Using Lame's equations for thick-wall hollow spheres subjected
to external hydrostatic pressure, it is seen that as the external
pressure increases, the material at the inner face of the sphere reaches
its yield point first. If the pressure is raised further, yielding
extends deeper and deeper into the wall until finally, yielding reaches }
the outer surface.

By making two simplifying assumptions, the external pressure at
which the whole wall becomes plastic can be estimated. The assumptions
are: (1) the distribution of radial stress is not affected by the yield-
ing of the material (i.e., it can be calculated based on elastic theory);
and (2) once the yield point is reached, the material will not support
higher stresses, but continues to support the same stress independent
of further increase in strain.

Using these assumptions, the Lamé's equation can be applied to
predict conservatively the pressure P. at which complete plasticity is
reached during short term pressurization. The formula becomes:

P R,

e _ (1 + o)(1 - a3)
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where o = 1/(1 + t/Ri)

o = vyield stress of material in uniaxial compression under

y short term loading
= wall thickness of sphere
Ri = internal radius of sphere

The equation has been plotted for a yield stress of 18,000 psi, typical
of Plexiglass G acrylic plastic used in the fabrication of flanged win-
dows (Figure 77). It can be seen that the result is nearly a straight
line falling below all the experimental points for t/R; > 0.1.

For experimental points with t/Ry; < 0.1, the complete plasticity
curve lies above the experimental points indicating that elastic
instability and not plasticity is the cause of failure in these cases.
It can be stated therefore, that for hemispherical windows with a
t/Ry > 0.15 the P, as calculated by the above equation (using the
appropriate ¢, value for the ambient temperature) gives a conserva-
tive estimate” of the STCP of these windows.

Long-Term Critical Pressure

Findings.,
(1) o significant difference was found between the long-term life
of the Type I and Type VI windows (Figure 17).

(2) Above 8,000 psi of external pressure loading (55% of STCP) the
life of the windows decreased rapidly with increasing pressure, approach-
ing only a few hours at 10,000 psi.

(3) The maximum external pressure loading at which the windows still
retain the 10 minutes minimum static fatigue life required of man-rated
windows (Reference 15) was extrapolated to be approximately 5,800 psi.

(4) The failure of the windows subjected to long-term loading was
catastrophic in all cases with extensive fragmentation.

(5) Prior to failure, extensive plastic deformation had taken place
in the windows increasing the wall thickness by about 25% immediately
above the flange and decreasing the interior diameter at the flange by
about 107 (windows R and J, Figures 253, 26, and 78).

Discussion. It is evident from the large spread in the results that
at pressures above about 637 of the STCP, the windows become increasingly
sensitive to variations in factors affecting their load-carrying capacity.
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Tests were not conducted to investigate this point further. However,
since a similar spread in results was not observed for the STCP, the
spread in long-term critical pressures is probably tied to long-~term
variables in the tests. One such variable was sustained external pressure
loading. Because of a relatively large ratio of window displacement to
pressure vessel volume, there were problems in maintaining a constant
test pressure during the high-pressure tests. Typically, the pressure
would be restored each hour during the daytime but not at night. To
compensate for this, an estimated average pressure was worked out for
each test, but this procedure had obvious deficiencies.

Another long-term test variable was the ambient temperature, which
changed somewhat from test to test. Although.the difference was gener-
ally less than 5°F, the effect on the creep properties of the material
was significant. Published data from other studies indicates that a
5°F variation in ambient temperature can change the fatigue life of
an acrylic structure by a factor of at least 10 and possibly 15 (Refer-
ence 16).

The fact that the window walls increased in thickness by as much
as 257 during the long-term critical pressure tests, further substantiates
the postulate made before that the window wall is completely plasticized
before failure takes place (Figure 26).

Cyclic Fatigue Life

Original Design Findings.

(1) Both types of windows exhibited signs of fatigue at hydrostatic
pressures at less than 15% of their short-term critical pressure, The
failures, defined here as leakage through cracks, occurred in less than
100 cycles of the standard load cycles at 30% of their short-term
critical pressure.

(2) The first sign of fatigue was circumferential crazing marks on
an annular bearing area between the O-ring groove and the heel of the
flange (Figure 62), except for one case where a crack started from the
O-ring groove before any crazing had developed.

(3} If cycling continued after appearance of crazing on the window
seat, the crazing increased until eventually actual cracks were formed.
The cracks always ran in the circumferential direction, scametimes in
the O-ring groove but more often in the bearing surface between the
heel of the flange and the O-ring. The cracks typically had a mush-
room shape (Figures 39, 40, and 41).

(4) Under moderate cyclic loading of up tc 5,000 psi external
pressure, both crazing and cracks in the seat grew slowly once they
had formed and did not render the windcw incapable of sealing in less
than 30 load cycles. At cyclic loading of 6,000 psi, cracks grew
noticeably faster with each cvcle; but even so, the window sustained
20 cycles without leaking.
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(5) At severe cyclic loading of 8,000 psi, the rate of crack
propagation was greatly increased. Only two cycles were needed at this
pressure for the cracks to proparate through the flange to the outside
and hence cause a low-pressure leak (Figures 54 and 55).

(6) Cracks were found in the bearing surfaces of windows that im-
ploded during the first standard cycle (Figure 25). The cracks must
therefore have formed while the windows were under sustained pressure
and not during relaxation periods.

(7) Cycling of the windows caused a step-wise buildup of tensile
strain on the interior face of the spherical dome during relaxation
after each load period. The magnitude of tensile strain recorded during
relaxation periods between individual pressure cycles was found to be a
nonlinear function of pressure and number of load cycles sustained. In
both cases, the magnitude of tensile strain increased faster than the
maximum pressure, or the number of 1load cycles. The tensile strain also
built up faster in the areas where the compressive strains were the high-
est during the loading period (Figures 58, 59, and 60).

(8) 1In one case the buildup of tensile strain was the cause of
severe cracking of the window's concave surface. The cracking occurred
as the pressure was approaching zero during depressurization after 22
standard load cycles at 6,000 psi with the magnitude of tensile strain
estimated at about 0.050 in./in. (Figures 49 and 50).

(9) Fatigue cracking did not cause catastrophic failure of any
window during cyclic load testing. In the woist case, the windows
leaked after the pressure had been relieved. (This seems reasonable
because cracking at the seat is not a part of the STCP failure mode
of the window.)

Original .,esign Discussion. 1In view of the above findings, the
fatigue life of a window must be taken as either the number of cycles
taken to produce the first crack or the number ¢f cycles taken to pro-
duce a leak. The criteria chosen may depend on the application of the
windows. For man-rated applications, the first criterion should be
used; for example, the fatigue life of a window used in a man-rated
chamber is the number of cycles sustained by the window when the first
crack appears anywhere in the window (Figures 79 and 80).

Due to the scatter in the data and the limited number of cyclic
tests performed, it is not possible to establish a firm fatigue life
for the windows. The recommended course of action at the present time
is to inspect the windows after each pressurization in excess of 1,000
pst and replace any window immediately that shows signs of fatigue.

Modified Design Findings. Improved fatigue life was obtained by
each of the following modifications:

(1) Use of 0.020-inch~thick neoprene gasket between the window
and the steel flange.
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(2) Removal of the O-ring groove and replacing the rounded heel
of the flange with a square heel.

(3) Removal of the flange to make tine window a true hemispherical
dome.

The limited number of tests available did not allow determination of
quantitative improvement obtainable by each, or by a combination of these
modifications.

Modified Design Discussion. The original Type I and Type VI de ign
is not suitable for cyclic loading except at pressures below 1,000 psi
at 75°F. 1If the original designs were to be used, Type VI would probably
give the longest life.

If the flanges are to be retained, it is required that for cyclic
loading above 1,000 psi both the O-ring groove and the rounded heel of
the flange be removed and that a thin, soft, nylon-fiber-reinforced neo-
prene gasket be installed underneath the window's bearing surface to
absorb the shear strain at the steel/window interface. To find what
the improved cyclic fatigue life is if these modifications are incorpora-
ted into Type I and Type VI windows, a series of new tests would have to
be carried out. These tests should be designed not onl; to check the
effect on the bearing surface of the window, but also the buildup of
strain on the interior surface of the window at the apex, as it is
postulated that this will be the limiting factor of the cyclic fatigue
l’fe in the modified desigr. Ry incorporating the above-mentioned
modifications an dequate fatigue life (1,000 cycles without leakage) is
predicted for operational pressures to 2,000 psi.

Removal of the flange improves the cyclic fatigue life significan’ly
both for the bearing surface and the interior face a. the apex. Although
the improvement in cyclic fatigue life has not beun quantitatively
established for flangeless windows it is conservatively estimated to be
in excess of 2,500 psi at 75°F.

As stated above, the fatigue life of the windows is limited by
cracking ¢* e bearing surface on the flange and the interior face of
the dome. Both conditions have been observed by earlier investigators
[8,10].

The cracking of the bearing surface on the flange is undoubtedly
tied to the differential motion taking place at the window/steel inter—
face during the sustained pressure phase. The natural remedy for this
problem is, therefore, to enable the window to slide with the least
possible resistance. Hence, the neoprene gasket was tried. It is
possible that even better results could be obtained using cther materials,
such as polycarbonate which has been successfully incorporated in the
NEMO Mod 2,000 [17]. The polycarbonate insert not only is capable of
absorbing the shear strain to a much larger degree than the acrylic, but
should it crack, only the insert needs tc be changed and not the whole
window. Whatever material is used for the insert, it has to be either
sufficiently stiff or sufficiently thin to prevent its being pushed
into the window cavity by external hydrostatic pressure.
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The problem of cracking on the interior face of the window due to
buildup of tensile strain is more difficult to explain and to remedy.
Probably, this phenomenon is a result of the loading conditions, the
geometry of the window and the physical properties of acrylic plastic.
If the dome had been made from steel, the stress (effective von Mise's)
at the inner face would have been about 2.5 times higher than the stress
at the outer face. If the dome was overpressurized, the steel at the
inner face would yield. During depressurization, the plastically
deformed interior face would therefore not be able to expand as much as
required by the material at larger radii that had been deformed only
elastically. Releasing the pressure, therefore, generates tensile
stresses in the interior face of the dome.

In the acrylic plastic dome the mechanism, although similar, is
complicated by the time, temperature, and stress-dependent properties of
the material. Because of the viscoelastic property of acrylic elastic
tensile stress may be generated on the inner face of the window during
depressurization even though the hydrostatic loading was not of sufficient
magnitude to deform the material on the inner face permanently. Thus,
in the acrylic plastic, a sudden release of pressure is likely to cause
higher tensile stresses on the inner face than a slow release, as the
rate of relaxation for the inner face is slower than for the outer face
that is subjected to a viscoelastic strain of lesser magnitude. Also,
the duration of the sustained loading, the length of the relaxation,
and ambient temperature influence the magnitude of tensile stresses
during relaxation.

Deformations

Original Design Findings.

(1) The interior surface of the windows at the apex deformed
elastically up to at least 0.020 in./in. of compressive strain. Relaxa-
tion from this strain level was about 99% complete in 10 hours after
release of pressure.

(2) Polar strains (interior surface at the apex) of 0.0020 in./in.
magnitude were attained at about 6,250 psi of external pressure during
short-term loading (650 psi/minute rate). Durir: long-term loading,
this strain level was reached in less than 1 hour at 5,000 psi, while
at 4,000 psi the same strain level was reached only after 262 hours. At
sustained hydrostatic loading of 2,000 psi, this strain level would
definitely not be reached in less than 10,000 hours.

(3) Permanent deformation of the material at the bearing surface
of the window's flange occurred even when no permanent deformation
took place elsewhere. 1In all cases of permanent deformation in the
flange, the deformation was such as to change the bearing surface from
a plane surface into a slightly conical surface having an imaginary
apex inside the window cavity. The onset of permanent deformation of
this type was observed in the window loaded at 2,000 psi of hydro-
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static pressure for 269 hours at 75°F. The deformation was very slight,
being hardly measurable. On the other hand, in a window subjected to
hydrostatic loading of 8,000 psi for 312 hours, the bearing surface of
the window was deformed approximately 4 degrees (Figure 22).

(4) 1In the elastic strain region, the internal window surface of
the windows at he apex deformed uniformly with the same strains in all
directions. Comparing the measured strain in this area with the theoreti-
cal value for the interior face of a thicx-wall hollow sphere (Lame's
equation with p = 0.4 and E = 400,000 psi), the measured value was
found to be about 18% smaller than the theoretical (Figure 81). This
indicates that the effect of restraint imposed by the flange is almost
damped out in this area. The equatorial area of the window also
deformed uniformly in the circumferential direction. 1In the meridional
direction on the other hand, the strain changed substantially, reflecting
the effect of flange restraint. Moving from the apex towards the edge,
the meridional strains decreased; at the same time, the circumferential
strains increased. This behavior is probably due to the outward bending
movement at the edge caused by the rounded heel of the flange. The
deformed shape of the window is postulated to be as shown in Figure 82.

(5) Under extreme loading, the deformation of the window inevitably
would also become nonuniform at the apex and in the circumferential
direction elsewhere. This was substantiated by the formation of flat
spots; and, unless the pressure was reduced, the window failed
catastrophically. If the pressure was maintained, the windows would
implode when the compressive strain on the interior surface at the apex
reached a magnitude of 0.080 to 0.10 in./in. The strains at the flat
spot were often even higher, possibly more than double, as indicated by
the data from one test (Figure 31).

Modified Design Findings.

(1) The introduction of a thin neoprens gasket between the window
and the steel led to a slight increase of strain on the dome of the
window (Figure 66).

(2) The replacement of the rounded heel with a square heel in
window () led to a much more even distribution of meridional strains on
the inside of the window. The meridional and the circumferential strzins
also became more equal, particularly near the heel of the flange
(Figure 68).

(3) The total removal of the whole flange led to a remarkable
change in the deformation of the window. Window(), now a true hemisphere
with no wall-thickness variation, deformed quite evenly from the apex
to the equator (Figure 83). The ratio of the highest to the lowest
compressive strain measured on the interior face of the window was now
1.3 (compared to 1.8 for the window with rectangular heel on the flange
and 12 for the original geometry with well-rounded heel).
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SUMMARY OF FINDINGS

The maximum safe working pressure of a hemispherical window with
equatorial flange is, as has been experimentally determined previously
for other window shapes, a function of short-term critical pressure,?
long-term critical pressure, and cyclic fatigue. For flanggd hemispheres
with a t/R; = 0.364, the short—term critical pressure at 75 F has been
found to be 14,500 psi; long term critical pressure,b 6,000 psi; and
cyclic fatigue life,® 1,000 psi. No significant difference was found
in the performance of windows with Type I or Type VI flanges.

The primary effects of cyclic fatigue is in the form of circumfer-
ential cracks that develop on the bearing surface of the flange at
approximately 1,000-psi cyclic pressure loading level. If stress dis-
continuities in the form of O-ring grooves on the bearing surface are
eliminated and the effect of shear loading on the bearing surface
ameliorated by use of neoprene bearing gaskets, the effects of cyclic
fatigue on the bearing surface can be eliminated at cyclic pressure
loadings <4,000 psi.

Raising the cyclic fatlgue life threshold on the bearing surface
from 1,000 psi to 4,000 psi pressure does not, however, raise the over-
all cyclic fatigue life of the flanged window to 4,000 psi since now
the secondary effects of cyclic fatigue on other areas of the window
become the factor controlling the overall cyelic fatigue life.

The secondary effects of cyclic fatigue in the form of mericional
cracks become apparent on the concave face of the window at pressure
loadings 22,000 psi. These cracks are caused by tensile strains found
on the concave face of the window during relaxation phases of pressure
cycles. The magnitude of tensile strains in flanged windows are a
function of t/R ratio and the magnitude of compressive creep during
the loading phases of pressure cycles. Since the t/Rj ratio is a
geometrical and the magnitude of creep a physical constant, little can
be done to decrease their effect on the generation of tensile strains
on the concave face of the window during relaxation phases of pressure
cycles. Thus, the secondary effects of cycling fatigue in the form of
meridional cracks on the concave face of the window become at 2,000-psi
loading level the limiting factor on the fatigue life of the flanged
hemispherical window.

a L . . .
Short term critical pressure — pressure at which catastrophic failure
of window occurs when pressurized at 650 psi/minute rate.

b o S . .
Long term critical pressure — sustained pressure at which catastrophic
failure of window occurs after uninterrupted sustained loading of 108-
minute duration.

cCyclic fatigue life — cyclically applied pressure (7 hours sustained
loading followed by 17 hours of relaxation at 0 psi) that will initiate
cracks in the window after 1,000 pressure cycles.
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The ratio of 1:0.414:0.138 (14,500 psi:6,000 psi:2,000 psi) between
short—-term critical pressure, long-term critical pressure and cyclic
fatigue pressure established experimentally in this study for flanged
hemispherical windows with t/Ri = 0.364 seated on neoprene gaskets is
also applicable conservatively to similar windows with t/R; < 0.364.

For flanged hemispherical windows with t/Ri > 0.364 the above ratio
probably applies also, but not on the conservative side.

CONCLUSIONS

Flanges «n acrylic plastic windows of hemispherical shape do not
affect significantly their short-term critical pressure; however, they
seriously decrease their static and cyclic fatigue life. When such
windows with t/Rj; = 0.364 are mounted on ghin neoprer.e bearing gaskets,
they can be subjected safely in the 65-75F temperature range to a maxi-
mum working pressure of 2,000 psi, which is approximately equal to
one-seventh of the window's short-term critical pressure.

RECOMMENDATIONS

To maximize the cyclic and static fatigue life of flanged hemispher-
ical windows, the following precautions must be taken in their design,
fabrication, and installation.

Design

Since the cyclic fatjgue life of a flanged window is primarily
determined by the appearance of cracks on the bearing surface of the
flange, special attention must be paid to the design of the flange. To
decrease the magnitucde of bending movements in the flange, the instep
of the flange must have a generous radius while the heel must approach
the shape of a square edge. No discontinuities like O-ring grocves can
be tolerated on the bearing surface of the flange as they tend to act
as crack initiators. The maximum working pressures at which acrylic
hemispherical windows with Type 1 or Type VI flanges can probably be
safely operated are shown in Table 6.

Fabrication

Appearance of cracks in the bearing surface of the flange can be
delayed significantly by following up the machining process with polish-
ing. After polishing, the whole window must be annealed, preferably at

20 ;
175°F for 22 hours.
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Table 6. Maximum Recommended Working Pressures for Hemispherical
Windows With Type I and Type VI Equatorial Flanges

Temperature a
Ranges Maximum Working Pressures
°F)
<50 0.167 x short-term critical pressure
£75 0.143 x short-term critical pressure
<100 0.111 x short-term critical pressure
<125 0.091 x short-term critical pressure
<150 0.059 x short-~term critical pressure

aShort-term critical pressure is established by
pressurizing the window at 650 psi/minute rate
and 75°F ambient environment until explosive
implosion of the window takes place.

Installation

The surface of the steel seat in the pressure vessel must have at
least a ¢2 rms, and preferably 32 rms finish. A 'hin neoprene-coated
nylon gasket (Fairprene 57224 or equal) must be bonded with polyvinyl
resin glue (Pliobond or equal) to the bearing surface of the window
flange. The steel seat must be liberaily coated with silicone grease
(Dow Corning No. 4) prior to placement of the gasketed window. Although
the bearing gasket serves adequately as a2 seal, an O-ring is placed
around the circumference of the flange to act as a secondary seal
(Figure 84). A retaining ring placed around the flange is dimensioned
to compress simultaneously both the window flange and the O-ring seal.
The bolts holding down the retaining ring must be of adequate size and
tensile strength to retain the window against accidental internal
pressurization of the hemispherical window to 0.05 times short-term
critical pressure.
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Figure 1. Typical techniques for thermoforming flanged hemispherical
windows of acrylic plastic.
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Figure 2. Type I flanged hemispheres used as test specimens in the
experimental test program.

31




break corners 0.005 7
32
\‘/
0.010 /\ 0111
0.113

0.025 }
00-59 (typ)
L
63 0.187
0 U031 TA S
0.192

7.984 diam {ref) —

Dezail *B"”

! ‘n. 0.5 in.
& f
l L——— 7.984 £0.005 (O-ring groove | D) ——————s] sec Detail “B*
I 9.000 %0.005 diam i
Scction A-A

Figure 3. Type VI flanged hemispheres used as test specimens in the
experimental test program.
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(b) Forcing the material through the female die.

Figure 4. Thermoforming of flanged hemispheres for the experimental
test program.
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Figure 5.
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Deep Ocean Laboratory .. Ocean Engineering Department

Typical cross section of thermoformed windows prior to
machining.
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Figure 8.

Retaining ring for Type VI window testing in 18-inch-diameter
pressure vesscl; window UV after 42 hours ac 11,800-psi sus-
tained hvdrostatic loading.
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Figure 9. Retaining rubber bands for testing of windows in 9.5-inch-
diameter pressure vessel.
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Figure 18.
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Window H, Type I after 153 hours of sustained pressure loading
at 8,000 psi; note the separation of flange.




Figure 19.
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Window J, Type 1 after 3 hours of sustained pressure loading
at 10,000 psi; note the undistorted flange fragments indicating

that they broke off immediately after pressurization, before
the window deformed plastically.
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v
y
M 7 s
EERI
N Figure 20. Window R, Type VI after 30 minutes of sustained pressure
loading at 12,000 psi; note the extensive lamination and
partial separation of flange.
A
>
y
»
F Figure 21. Same window as Figure 20; note the partial separation of flange
and large scale plastic deformation midway between the flange
. and apex that led to the plastic instability failure of the .
window.
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Figure 22. Window U, Type VI after 312 hours of sustained pres=ure loading
at 8,000 psi; note that (a) the flange has separateé even
though the window did not implode yet and (b) the bearing
surface on the window has deformed plastically giving it the
appearance of a very shallow cone.

Figure 23. Same window as in Figure 22; note that the separated flange
remains intact dindicating that (a) the circumferential cracks
initiate sooner and propagate faster than radial cracks and
(b) the separation occurs before extensive plastic deforma-

tions occur.
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Figure 24. Window J, Type VI after 3 hours of sustained pressure loading

at 10,000 psi; note the extensive lamination of the dome at
the apex.
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Sam~ window as in Figure 24; note the presence of circumfer-
ent.al cracks in the bearing surface of the f[lange and the
plastic transformation of the rounded heel into a sharp edge
and the fillet on the instep into a sharp corner.
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